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ABSTRACT

Incremental path controls employ a pulse-data system as the

feedback control system. This type of system is considered in some

detail. Mathematical methods of analysis are developed and described

in addition to existing methods. The methods are applied to the

design of a self-adaptive pulse-data System. The resulting system-is

. • _. "

a position control with superior response to ramp inputs at a wide • • "

range of desired rates. The system performance is compared experi-

mentally with the performance of a conventional pulse-data system for .....

a variety of inputs. " • : " -
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. Digital Systems are being applied in a wide variety of control

applications. "

• . Modern method tools are needed to produce many parts with such

complexity that a human operator is incapable of completely directing

the operations. At the same time many different types of parts may be

produced by the same machine. This requires setting the maChine up

for new parts frequently. Tolerances have also decreased in_ many cases.

These factors have led to wide usage of digital systems for machine •

• tools. -. - - . -"

•,_ Chemical processes which were uncontrollable or at" best only. - °';E .

partially controllable are now being directed by digital systems.

•.. Computers have been used to provide fast and accurate computation of

" ••desired process parameter changes from measurements of process varia-

bles. Digital systems are used to translate the information of the

computer to accomplish the process control.

: Rockets and missiles require precise high power control. In

many cases this control can best be accomplished by digital systems.

This is especially true when the control is exercised from the ground.

In this case the commands must travel by radio waves to the system-

It has been sho_-a that digital Information is most efficiently ..

transmitted accurately over long distances with minimum error.

A digital system receives information in a discrete digital

for_ This information is then manipulated by the system to accomplish

some result; This result could be moving a cutter in a machine tool,

changing. . the. amount of pressure applied to a chemical process, or

.. . _,._.:,.. _, . . . • _. .. ..

; . . ._ -. - • _ .- . " _ . . _..- • . , .-:. " . -. • . :.'j, . '_'..

. .,. •.

-._ • .

.. • .. • . .

• _.• • -

. : . -- . .•
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firing a vernier rocket to accomplish a " degrees correction in the

course of an Intercontinental ballistic m: sile. •

.... In all of the examples above the digital system is concerned,%rlth/ ...... " ..'

the manipulation of a controlled variable and its time derivatives

.._.... " along a prescribed path..The path must be followedwith extreme ...... :
i

accuracy. A digital system is without equal in this type of _
i

I

. -. " "" TO exercise path control the digital system must measure the con-

trolled variable very accurately. In the digital system the measure

of a variable is indicated by the state of the transducer not a _g- .. , . i-,

. J.

nitude as is the case with analog transducers; This method of meas-

urement reduces the effects of noise and permits the digital system .

L _ to operate with much higher accuracies over a given range of the con--

trolled variable. If the digital transducer is placed ina control " '

loop this control becomes a digital, system of the type described ".........

above. • "

There are two basic types of digital path controls with the

digital transducer in the feedback loop.

(i) The absolute system shown in figure i measures by compari- ""

son. The control specifications of the path are translate_ into the

. . • .

desired value of the controlled variable at specified time intervals.

This dnformation is coded and fed to a comparator. The actual value

. of the controlled variable is encoded by a digital transducer _ . '

" (encoder). The difference between these two coded numbers_ as ob-

tained by the comparator s is the error. The error is converted to an

i•, : i .....

:.,. 2....... - ..... " ....... ". - • _ ",- i.:..'" '" _.... ,:i
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The object of this thesis is twofold.

(i) Methods of analysis and synthesis of pulse-data systems are

developed. ....

(2) A pulse data system with self-adaptive control is designed

..... .... .... . ...... 2_._!, ,: .... -

. , -. .

variable rate.

analog signal by the cligital to analog converter (D/A). The analog

error signal then directs the p_ime mover to manipulate the process

in order to reduce the error. " .' .

(_-) The incremental system shown in figure _ measures by pulse

counting. The control specifications are converted into a specific

number of pulses. The number equals the desired controlled Variable : "i _.

change in increments or "quanta". The time between pulses indicates

the desired rate. These pulses are counted by a bidirectional counter

(BDC) which is capable of counting up or down. The controlled varia- "

ble is measured by a q.uantizer. This device emits a pulse whenever

the controlled variable takes specified values. Thepulses are

counted by the bidirectional counter. The count in the counter is -:

equal to the error. This is converted to an analog signal by the ....

digital to analog converter (D/A). The analog error signal directs •

.. -..

the prime mover as in the absolute system. The incremen$_l path com-. J, • .....

. " . °,.." ".

trol is sometimes called a pulse-data system_

This thesis is concerned with the pulse-data syste._ This type . .

provides high accuracy with relatively low cost. However_ at low "

input pulse rates the controlled variable changes in a stepwise manner

instead of continuously. Thus there are large errors in controlled "
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to manlpulate the controlled variable smoothly over a wide range of - "......

input pulse rates. The methods developed in the first _ are used -. "

in the design. The resulting system is then compared to the convert- :-

tlonal pulse-data s_te_ ". .. ..- ..

, . . .. ..... .
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The basic system is shown schematically in figure 5. The wave-

form of the signals at various points in the circuit is also shown.

The input pulses r(t) serve as the reference _put. Each pulse

directs the system to change the controlled variable 8(t) by One

increment or "quanta".

rate.

I%TLSE-DATA SYST_4 MODZL " "

The object of this chapter "is to describe the pulse-data system .....

in more detail and develop a mathematical mode]. : - -

Description

• . . •

.. :"

.. •.,

-_- .

The time between pulses indicates the desired .....

These pulses are di'rected to either the plus or minus input of i _":
.d • .

": _the Bidirectional Coun'teri_BDC). If they enter the plus input the

i_....;controlled variable 0_t_ ' will increase. If the pulses are directed

to the minus imput the controlled variable will decrease. The Bi-

directional Counter is simply a counter which counts up when pulses

are fed to its plus input and counts down when they are fed to its

.. .

minus input. : :

The controlled variable ,is measured by a Quantizer. The Qaantizer

emits a pulse c(t) whenever the controlled variable 8(t) takes on

particular values equal increments apart. The points at which the

Quantizer emits a pulse shall be called quanta points. The Quantizer

pulse_ are fed to the minus input of the Bidirectional Counter if the

controlled variable is increasing. If the controlled variable is

decreasing they go to plus input.

In this way the state of the Bidirectional Counter is indicative

of the instantaneous error when a feedback pulse is received from the

• " ' _tizer.._, . " _ , • _:',_ ........
, _'_, , *'_' ,., . . = ,, ,. -, j , :... ,. , , -/..

. .•-,_ _ . • .:.. -_.. ....... . ._• •. • , .•. ,. ".. .'_ ":•/ L ." ,: _', :..'" •_, !','." '. •'" i'•: "
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The state of the Bidirectional Counter is converted to an analog

signal e It) by the Digital to Analog Converter. Thu_ for the input

shown in figure _ the waveform of e(t) is rectangular. This signal .... _,_,,

serves to direct the Prime Mover.- " •

The Prime Mover will be assu,_d to be characterized by a linear " " " ' •

• . .,'. "

differential equation in this thesis, except where note_ _ The transfer

function of the Prime Mover will be denoted by G(s). : "'' .....•"• "''•

.. .The integrating effect of the Prime Mover causes the output. _e(t) _ 'i'_ -.

to appear as a series of steps. :
.. - j,. . - .

In all practical cases G(s) will be of the form: . : -_- . _

._ , , Sq " _ . _ • . ..

Where q > I and G'[0) = I. If q = 0 the system would require an

error e(t) to hold any specific value of 8(t). Since a digital " .....J '

• . : ,. . . . . . . .. . -- . .

system is usually employed because of its great accuracy this would _

be intolerable. . ..... -

Mathematical Model " " " " ....

The mathematical model is shown in figure 4. These mathematical

representations of the- variables and blocks shown in figure 5 will be

developed to describe the operation of a pulsed-_ata syste.L

Reference Input r(t) .

The reference input is a series of pulses, l_.cause of the •
• . -..

nature of the Bidirectional Counter model the. pulse_ will be assumed

to be unit trellises. "

.

Thusz • • • - ....
. .- . .

r(t)- _sCt-_,n) ' . "':........... _" "
-... " n=O - '!_", " - , " ;'_- - " _ ' ,

. ....... . : . . . - ..." _. , : _'_._ _ . _ ,.,: . __ • . . -
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where 5(t - Trn ) is a pulse of unit area whose duration approaches • •

zero which occurs at t - Trn, . .-• . . . : ..... - .": ' ....
. . . - ,

A n = +i if the n th pulse is fed to the plus input of the BI- "

directional Counter. - .. : - " -

- . • •

. . An - -1 if the n th pulse is fed to the minus input of theBt-_"' " " :--

directional Counter, : .... - : _ -: " -'" :"

. .. , - . - . . • . " ...- ; • -

A n - 0 if the pulse train sto_s, .- -" - .: . : . :"i ....
• " i l :-:- .... :-

Feedback Pulses cot) " " "" •• • "
- . - ' • .. ' . .

. . c(t) will be represented in exactly the sameway as .r(t). ......'. " .- .

. , _ . . ._-0 . ,. -"..'"•i . .: .... " •

Tfm = time when a quanta point is passed. " ' " . .-_. . . - . .
- . . -.

- . - • . . . . . . .. -

- " " " " -.... "

• -- . : .... ..-

o when  Ct)-o • " ,"- -".

It will be assun_d tha_ the location of the quanta points relative to

8(t) is fixed. If backlash exists in the system a new variable ....._i _. • _

8' (t) will be defined as the output of the Prime Mover. The back-

lash will then be assumed to exist between 8'(t) and 8(t).

Bidirectional Counter and Digital to Analog Converter "

The two pulse trsdns enter the Bidirectional Counter where the

state of the counter is equal to the a_ehralc sum of the _An and

R m. This state is converted to e[t) in the Digital tO Analog

Converter. This process can 'be represented by sunnning e(t) and " "

r(t) and integrating the result.. Thus: - - -: ..
• . , ,........... - ..... -

; "_'_ '_ .... _':''" - "': " " ' _'" " '>'; " " _ " : "_ " " • " "'';"_"_'.'"'I_'o _'*l_'-':'C,_:;_.':i,_'." .-,',.. i'...

• ' .'T.'_ "_.'' .. . _" ". '!'.' " " " ' ' ' : ...... '"_" • "'_'" :_" "'': ' ) " _ '" " "_'_ " _ • ........ ' ......

._,7 ..,_,_'.. ;. ,..,'_.,._ . _ , ._.._.:( ...... _ e:, .,., , .,. _, . . .. ..... ... • ,; ,,._. :.. . , -.:_

.. , . . .
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" " In an incremental system no point has a special identity. Thus. :

b locates the initial value of the controlled variable relative to •

the next quanta point when t = O. This relationship is illustrated _

in figure 5. .

" " " Prime Mover : " " - : •

includesThe Prime Mover all dynamic elements between the Digital . _'.: -

to Analog Converter and the controlled variable. This may include ":

process lags e_d actuator lags. It is assxnned that these elements " " "

can be described by linear differential equationA so that they are

represented by a transfer function G(s). If there are any lags in

• ,.;, ._'!: ,; ,... . _.,.. _ ,,
the Bidirectional Counter or Digital tO'"Analog Converter they will be., : .... s

, .,,-_,.. i_ ' ,. _ , - .... _.'!included in G(S)."'.-. " . _. ,',._,,',_'_ -" ,,' .- ,.-, . ..... .:_,:,,',,,'_!_/ ._;
- ... .... . ' '_ '_' ..... t_ _ - , .r . -.

On the basis of this model several preliminary observations can "

be made.

(i) e(t) will be a rectangular wave. In general this wave will " ' -"

• . ." . - o

not be periodic. If however
Tr(n+l) - Trn = T r. Where Tr is fixed •

and the system transients have died out e(t) will be periodic of,

period Tr. This is the case when the desired path for 8(t) i_ a "

ramp°

(2) e(t) depends on 8(t) in a discontinuous manner, For this -.

reason it is difficult to obtain 0(t) for.a given r(t) except by
-" Z" "

a tep-by-step procedure, ...: .,:

(3) 0(t) can be anywhere between two quanta points with _o - -.... ° "

change in system error. Thus| . -"

• O<b<X , . " . ........ :_
• ., . . , . • .. , . , _ ........ .. _',_. _ ._, _ . . -.' . . , ..: _.. " . ,,.

.... ." "' "_ _'_*" _""_."_'_'" _'_'*:'_''*_"_* "_"?_'_ _" "_*._'_t "_" ,*"',r" .... _r.._._..,_.. ' _." "_'_'_-"-'t"

";." : _._ ..... • ..... .. ..... ,..,.-,:/_ ..,- ,..:-,,-_, _..=_ .,..-2_.._,_.¢._-..t_.'_.._,. t,v,._.,_.. _ ._._-..,,
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When t = Tr0_ _s uncertaintyabout locationcan cause e(t)

change mo,.'e or less than one quanta if a single input _ulse is

• ...- : .

received. If many input pulses ere received 8(t) may change more

than one quanta for the first pulse. O(t) may change less than one " -

quanta for the second pulse etc. s until equilibrium is reached. Then- •

O(t) changes one quanta between input pulses. . .....
. .... • . .

(4) As O{t) approaches the desired position as directed by an. ":

- . ..

input pulse r(t) = 5(t - Tro ) t_re is no braking action as in a

continuous feedback system, e(t) remains fixed until a quanta point "

is reached. Then a feedback pulse is generated. At that time .... -.

_ :

t = Tf_ e(Tf0 ) 0 and the Prime Mover begins to stop. This means . --

that there is always an overtravel beyond the quanta point. If the-- " " -

gain is too large O(t) may overtravel one quanta or more causing :,

. . e(t) to reverse.
: . . . ° .

(5) Since there is no _sltion feedback between quanta points -

.... the Prime Mover may drift. This is especially noticeable in systems " "

where q > 1 in G(s) - _q In an actual system drift must be
- s-

kept at a minimum because it will cause the system to exhibit a Limit . • .

cycle when r(t) = 0. O(t) will drift to a quanta point where a feed- ." " "

back pulse causes e(t) to reverse 8(t). O(t) decreases until a

second feedback pulse in the opposite sense makes e(t) = 0. 8(t)

stops then starts to drift again to the quanta point where the

process is repeate_o . . ,. - " "

. . ,. .

":-,'- .... ",i ......,-.r ,:2 ...:... _ ........... . , , ......

to . :.
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CHAE_ _

METHODS OF ANALYSIS

.°'- • "• :

• • . • .

. , - .

.°. _-,

".. _ .

used to represent tl_e system=

Transient Analysis

Two methods are most useful for transient analysis. The first ....

employs the phase plane. The method is limited to system of low " ...... •

order. The second method employs the convolution integral to produce • . -

a time domain solution which is limited to Prime Movers characterized "

by linear differential equations of any order. .. - - • " • ....... _ •

Phase Plane

This method is only useful for systems with G(s)

or

."'•: . ".•. . ." ..

or

• _(s)
G(s) . B(Ts + l)

= _(s)
s(_3s2 + 2_Ts + 1):

. _(s)
sq(_s, z;zs • _)

. . • .

If the system G(s_),._-_a",_nOre th_n . ._ _0_:. poles the phase

space must be used which greatly •complicates the analysis. . •

The method consists of defin_g a new variable equal to the time

derivative 8(t) of the controlled variable 8(t). The order of the

differential equation may then be reduced bY one. The resulting ."

, , . ,_ti_. '_i _- _'_,_....... "

. • ., _.

• . • ._

Of the for=_ - -

This chapter outlines the most useful method8 which can_e'used

in the analysis and .synthesis of pulse-data systems. Where_er::possible ..,.
t

-... '.

examples are chosen which illustrate the properties of pulse-data'.. "'" " " I

- . • .. .

The model developed in Chapter I and shown in figure 4 will be
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equation may be used to trace the system trajectory in a 8(t), 8(t)

plane with increasing time given the initial conditions.

In general the phase plane method is much more laborious to appl_

than the time domain methods. Howeverp if the Prime Mover exhibits

significant nonlinearities the phase plane method will yield useful.

• ., . .,,

results while the time domain methods are not applicable. This thesis " ''"

. . . . • . L

will be concerned with systems where the Prime Mover can be character- .....

ized by _ linear differential equation. Thu_ this method is described

only briefly. A more detailed explanation of the phase planQ can be

. - . ..

obtained from Cunninghamll Truxal2s or Savant _. The main usefulness .. • .'- i

of this method lies in the fact that one of the coordinates of the ' " :

plane is 0(t). This defines the point where e(t) changes and hence " ."

regions of constant e(t) can be specified.. :.- " " ""

" .... . Time Domain Solution .... ,"" .. .- "-.

When the Prime Mover can be characterized by a linear differen- " " "

tial equation the principle of superposition can be applied to obtain . . :. -..
• . '.

a solution. " " : " "-. :'".._* : "'

C. Lepage suggests a method which is described by J. C. Gllle _ :

who employs it in the analysis of relay servomechanisms. The output

of the relay is decomposed into a series of unit steps. The overall .- :

system response is then a sunnnatlon of a series of unit step responses......

This is applied to a pulse-data system as follows. " " -_'- " "

iThe superscript numerals refer to the Bibliography. _" " "
. i-. -°,

o

• , . .. ..

. • . . .

F
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Thus:. "

- _ • :, - .......

.". • _ .... ., . ,. . ,: :.: ......
, , -: . . • .",.

• . -:18 - . .:"

. - . . .- :. • _ . .

Refe_in_ to the model shown in fi_re.¢ the-Laplace transform " _ ":::..

of e(t) can _e written. . . " .

_CoCt)] - o(s) - eCs)GCs)

ou_.:. -..
A

e(t) - _ _Ct _' _) - z._, NuC_.- Tm) .....
n-O " m-O • .-.

Obviously this is a series of unit steps. An and Trn are specified • • . •

but B m and Tfm are determined by O(t). Thus the solution must be

carried out in a step by step manner. " " " "

" A_e "Trns _e Try'a" . - .'. '- ". ".. :
e(s) = "F - "-_, . : "

'. n_O m=O -- .... _": : " : " _ "

= _._ "_ ->--:,_GCs)e ;" : - "
oCs) _ _ L " . :-_e.:s

m _

Define quCt ) ._1 [O(s)/s)] : the Prime Mover response toa umit .... ""

step vlth zero initial conditions. Then|-- " "

•: :::: :: .....; :
m " + " T_ _r _(t " ' _ ) ''n4 ". ' ": : n I _: n I ": . : ' " .....

• " - _ B=%Ct- _) uCt - _r=) "

- Where quCt - Trn) uCt - Trn ) is the unit step response delayed _y. "

t - Trn. The transient response can be determined by a step-by-Step " ".-"

graphical procedure,

(i) The unit step response AOqu(t) of the Prime Mover is plotted.

; The.r_spon_eo(t) .t_-ts _t t. ero ana Ispositive _ Ao = +i
... . .:.-' ." • . - -. . .

" _ '"...."..... ......"-;:::'"?" : :'-::'-'-'"' "..-:i'-::':'"''_'-"'"': . ."j"..-':

:,..._. . . ......" .. , -:,.,..........,,............-.._... _:":'.,.., .:;;).,.."._.,¢..;..............,..'•, ._-"........... ..:....
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_ and negative if A0 - -1. It is usually more convenient to measure ....

time from t = Tro but not necessary.

(2) When the controlled variable O(t) reaches a quanta point a .... •

feedback pulse occurs. This specifies B0 and Tfo. A unit step

response-Boqu(t _ Tfo ) is started from this time. It is positive • _.

• " ' If-B 0 is positive an_negative if -B 0 is negative. - :-"-ii". "
.• - .... ,

(3) The value of O(t) is then the algebraic s_ of the ordinates "" "
T

of Aoqu(t ) and -Boqu(t . Tfo ) at time t. This is continued end is "

• . correct until another quanta point is reached or another reference ..... :_

" p_Ise is received.. .- .... - " :

" "...... : t ' : " ...

... (4) Whenever a reference pulse _.(t),= AnS(t ,,'Tra ) or a feedback "

_. pu/se c(t) = BmS(t . T_) is received another' unit step res_ns_':_' " .-

• " " " ' :. • " , ' ?:.' . . . : ,. ? L. _ /, .. • . .

started. " " ":'"" - " - - : '.".-'i'".... " "

. . _ -.. Once _he values for Bm and Tfm are determined by the above

method the response of the pulsed data system may be expressed "

ana_j_c_._--_ -"--__ - - -

This method is illustrated by the following example= _ . " /" " "- , ,

- . . .

Let:_-

Then:

Let

O(s) -. Kv -
s(Ts+ i)

G(s)- 1

D= _/_ " 1.1. The inverse Laplace transform ,is:

- • • .•.

J

. .. . _.

• • • ..

- .'_'L,.",'."_..... j ";......L:" ":" " _ : _.. .'.'_.'_.,,:'.4: -.::"-- " _ ;
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• ..__F,es,]÷
_ residues " " : -..

is' .Poles of

T

. D2e.5 + ± [ es" "[ '. :.... •" • " j' ; L -.-: ".... :I._---/--7/ds
_"_'.- 0 - " :-"- " '

.2_ _ _2 : -- -.

= i.i_ + 1.21 - "" _' • • -

It will also be assumed that there is backlash between the Prime Mover

_ .output and the controlled variableo. . Defin.e:- . . ..-....

0, (T) _ the Prime Mover output (quanta) " " "

B = b_ck_,,sh Cqu_nta): . -.., . : " " "

• v .... _ I, _ it • . - t.

_ The backlash will be of the _f_ shown in figure 6. _he, n_ture of .; :. .., :,_...-,: .
- . - 'I .... . ,. .. _l.. . .. .': '|t .... , .... _ _', ./;,. " i

the backlash is such. that O' (.}"' "_)'be as far as B '+',.1.' aUan¢,a. fr_n _ :' '
"" ' ' : • '.,:[" " - r, • : . .,. ; :_1",: ' -' ".

its value when a quanta point is passed. .... /

In this example let B - 0.8 quanta and e'(0) . 1.8 quanta from

the nex_ quanta point. - .

The graphical procedure is shown in figure 7. 0' (_) Is.plotte_

At • = 0 a reference p_Lse r(t) = 5C_) is receive_ _Ls

initiates a unit step response at _ n 0. The initial position is

8"I0) = O. Thus when e'(_) = 1.8 the first feedback pulse

. - . . .

o

c(t) "= -5(v - 2.7)occurs. At thi_ point a second unit step response

-u(_ - 2.7) qu(_ - 2.7) starts. When • = 4.75 the system passes :

another quanta point at 8'(_) = 2.8. This initiates another unit

step response -u[v - 4.75) qu(It . 4.75) due to another feedback pulse

c(t) - +5(t - _.75). The al_ebraic sum of these three responses -

. ..;-,. -.... ..... :,. : ..... . ...... ;_-::-....'.....: ..... . '.. ,. :.,:_ "...._ _. . ...-_ ;

• :'" i '["' ....... " '"." ........ , : '"' : .i . ._.,' ., . - _ " . , ,

.......... __" • ,,".'-',_.*'_-_','""_-.-',, .,._<._'_, ,: P_'.:_._-',' .,. _,.,_"<_.'.._I '<._':':.; . i..:..' .-.-. _T_"t. ,--',.-_ _.._ • '.:.:_.

. ,::-:'..: ':. :-' ,::i'i :, ?:4
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determines 0' IT) which reverses at • = 5. _cause of the backlash
- -

e(_) does not reverse until 8'(T) = 2.05. At 8'(_) = 2 a feedback

pulse e(t) = 5(t - 6.55) is produced by the quantlzer which causes . .

another unit step response u(T - 6.55)qu( _ . 6.55). This process can " "

be continued until the system comes to rest at v - i 0. If another "

reference pulse occurred at any time the unit step response at that time " >

could be plotted in the same way. e(_) _can be _plotted as shown... ".. .....

This example illustrated how the response of a pulse-data System. ! "i" . ".

with backlash can be analyzed. It also points out the fact that if the ' ' _._

. • .-

analysis is to extend over a very long time v errors can develop. For

example at T = 8 four ordinates are added algebraically %0 produce

e'(8). Three of these are greater than the value of e'(8). This altO-' :_'" !'.

tlon can lead to errors. - - • " - - ....: . . - :_
- z

In all practical cases qu(v) will be a ramp functionas discussed "
• ,. . .

in chapter I. Thus an improvement in the method can be achieved. - " - "..... '

. . . .

It is more practical to decompose qu(_) into a delayed ramp and-" " ' _"

a transient correction. The ramps can then be combined to yield a ". ::./.'ii.....-_

straight llne approximation to the response. The ordinates of the " " '

transient corrections are then added algebraically to obtain corrections _ - : "

to the approximate, response. The exact •response is obtained with much " " '

better accuracy by this method. . "

This modification is illustrated in figure 8. The example is the .-

same as the one shown in figure 7, however the stralght llne approxima- :

tion w_th corrections is u_;ed. The unit step response qu(t) is rep-

resented by a ramp u(v - i. I)i. I(T - I.i) and a translent.correctlon. _.... "

When T = 2.7 the quanta point is passed. A transient correction is :
• o . . ,

plotted starting at this time. At • - 2.7._+ ' 1.1 the slope of the'-

• : ..... :.,_..;._, .-... --.-_. ,,. ......... . ,.:...-_,.'_ _"_.

.. _ !: ,_.:..: . - .....". , ..-._.,,;__:_.._,_,i_, , -_..
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- _: _._ .. ......
straight llne approximation must be zero since the two ramp functions " ' .,j':..

cancel, When • - 4.75 another feedback pulse occurs, A transient .._

correction is started at this time, At T - 4, 75 + I,i the straight, i

line approximation slope becomes -i, i, Thus the slope of the straight .

line approximation is determined by the ramp function, The transient

corrections determine the exact curve, This greatly reduces the magnl_- -: ,.'..."

rude of ordinates to be compare_, In this way it improves the accuracy, ._"

These methods lead to a _thod of much greater utility. The final

method is based on the convolution integral.- "
L • "

• . " -. . " . " . '+ " . .

The Laplace transform of a function f(t) .is: " " "'" ' ;

.... • . . - .

• : " " f(s) - f(t) e'atat = .-. ,.. :.:! :- "• .... "'" .... i' - :" ':? "'_"
. .. . . . /-,; : ....

The transform of the controlled variable is: ...- ........ • :

_, - _ : .oCs)-o(s)e(s) . . .-_"

Which multiplying and dividing "by S _'Aelds: . . .._ ' "

• " • - I--n ,1

o(s) - Lu-L_L:J is e(s)) " - " :.: ........ : -"

. . _ . ._,_,,;;_AW_ - . .:.vet: - ' • • : - " •
. ." • . .

Here x is a dumny variable.

- : ; . -

. -Also • .. "

s e(s)-._[_(t)] "j_'o ;'(y)e'SY_ .. "

Where y Is a dummy variable...

=- ....... _ - .

...... ........... :.. ,---i-".' ',,;':- .,,.:: ....
,, . . . /''. I . "" ": '"_,- "."- 9"_'_r_''_ ._;':_,'_ " ";, .T_,. "..'_'- .... _..-.._ .." .... . . _....... :;. ':.t; . "_-.?'" ;."

, . ...... . . . ....

: .... ,.,,. T . .. '_ ." -.-._-- - . -'._ . - .'.._
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Since each variable is a constant with respect %o the other varia- . :

' ble of integration the double integral and the integral product is the. i" .

88J_Oe . . . .. . .: ..- . . . . .:'. " . . .- _ ....

varia_,leS. : 7. : .... : " :i. : """" .:'- ' ..:" .. :nf_vDefine

... - . -. .- . -. : ." --

- t=x÷_ • "

:. _ !., ..'/, ,,,:: ,_-,..:,-,.;-,.-, ..'it re,X, \.. .; ),.,, . " .

.......... :..- . . :. . ... :. • . :,:.

The element of area: dx'dy can be related"t_ d_ dt by the '. '. " " : \'.

.... :,.,.,_.:/j.r_l._ , i.'I , , . ._.r, :.- '. ..' .. ,:....

•  ii.: "":
X m_ " - " • -"

. • ...

y-t-x - ..

.. .

_ox- Io.-i - Z.ll d,dt

1 GNG._

The limits of integration also change. The definition for the Laplace

transform only holds for _ > O_ x > O. Since t = x + ¥ _ v caun_t

be greater than t. Thus: .

e(,) - %(') _(_ -') d e"t at

...... According to the definition of the Laplace transform:

' .: ...'1:-'::.--';7" " . '_.."-.Z '_.'"-":: ....: • - •
•. . ",',,', ,,_.'*_._-._ _-',-_ .... ",d..._--_,_ _.:.3_'d.'_,,_.._f.'._ ......... _ _,v,_i "5" ; ,:'" • "'_ " "7 ....

.......... _ _,:' .-..- ,:,."'_7:_._:2",._,t--',-';._,:".i'---,._.__,_' ,".. ._:..'_ __...............:,.-.,,,._,_. . ..



_0 " "eCt)= %C_) _Ct ,) d_ . .

This relation is one form of the convolution integral,"

In the case of a pulse-data system represented by the model In

figure 4 _(t v) has a very useful fora_ " -

• . _(t)= A,_Ct'-_) - _Ct- _,1 :... -

. _. " " . n=O m-O. - " " "

If v is the independent variable this is a train of positive and

. { ..-..

. _ negative unit impulses plotted with x increasing negatively, .The train,

• ": ....Is advanced_'_:':_y an amount't= T; i_)!_',"";_/__ !" - '_"'.'.'._'.."_"_:':_"_'_'',.'":"

':, _i;":iThe de_£nltlonor a unit_uise"iB:'_".:L,: ""_ " I_'_:"'' _
-."! •'__ :"'.:"_''L"I''__ ' '- ...."

' " ." '.';'. _. "' ". " , R ' /_ ... .,. ::.'_;."..._!,,," ,' i. .." .. . : ....;., .... • -..._.,
- " "-.' _. • ' _(t- ,_)_(_) d_ = _(_)

: "--- ""-'. _ ._ "-. YOI • _. ': ".--.. . ..-_,,........_ .

• :} -i Thu_" -!:::_.".- " " . ..

• . :_.... . .

To obtain e(t) at v = t the unit step response quCX) is con- . .,- :.

volved with a train of positive and negative unit impulses. The train

•is reversed in time and shifted forward by x = t. 8(t) then becomes *

an algebraic'suzu " " :" - " " • - - "'" .:"" •

•_. =- " .,. . , ......... ._i _ _",:": ""

t _. .

_0 ..Ln=O . . m=o ..........' :., ._ . ; ..., ':-.,. ."._

" ' "" ' :" " '" _':' ' ":" /' ".,:':.:"', _...:.i :"";" '" _,'___.-, -.......... ..... :.-_.,,, ,.,.. ..__._,_,.,..._,_-'<,.,. : ;..' , -.:" .,._."._._.,. , _ '.'.,,'_

.,:.. =._.'.._,.',o:-_ ,:- _ ,,-_ _..".... ;_.,,:_-'4.'. ,_..,!.'._.;,, _,'_..{_._;J_. -' ;_"'_-::_/ "'L ';/ .,..y'..".!',.".. '.._,_, ,';.

..' .... :.' "'. " .T "".."."."'_'. .... ," ",.'_"'_ .: ........ ..- _: . -, _ _ r. ... • .. _, .._ "; ,. - _, .,'. " .." ..>
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To obtain better accuracy qu(T) may be decomposed into a,. ."

transient qut(_) .and a stralght line portion quss(T),

%c,) - %.(,) ÷ %t(') : L

The graphical solution is carried out as follows: - • . .... " . "

.- (1) quss(qr) and qut(qr) are plotted. " "..:,.. -..

_2j'_ A _-8_rzpof paper iS located parallel to the _ axis. . _ .. --.

T = 0 is marked. At x = Tro .the • = 0 mark is lined up with ' " • ,._

v = Tro and a second mark is made on the strip opposite
. the _ w 0 . ._. - •

point on. the T axis. The mark is noted aZ + or - depend_ug _ '"

on whether A0 :is plus or minus. The input pulse at qr Tro " /,";_ "-. _ "." '.'"

initiates a ramp u(t - Tro)quss( t , TO)" This is the straight: " ". _"

l__einapproximation. _,_ougaout this analysis this stralght-line : . .--

approxima_zon is •used Just as was done in the example shown in _" . -
- . ° . : .

figure 8 ..... _
• : . . . . .

• . . ". .

(3) The value of _(tl) is determined by moving the stri__ to " " "'.-"

v = ti. The ordinate of Rut(x) above the mark located on the strip "
- . "... - -.

opposite _ = t i - Tr0 is the correction term applied to the " " - "." •

straight line approximation. The
sign adjacent to the mark on the . _

strip determines whether the correction is positive or negative. _ " " -

(4) When O(t) equals the value at a quanta point t - TfO a "" " :" ,: •"

. . ." L • _
mark is mac_ .ion- the strip

opposi_ T = O. _e sign is determined • - " _ ..

by
_m where: " _ . -. . . .-

" +lo(  o)i
- . . ...

The stralght-line approximation slope is changed "Co.account for

the uCt - _ro) %_sCt - _ro) z_=p. . • ..

(5) The process is continued. The strip has a series of marks with

n

..... _;_ " :' ". ' " '." .: " "-'' • - ...... .'' :_ ..'. ' .;i.,, _ : ;'_,_,... ..' -...-..'. ,...._.. . ._ .
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+ or

strip is lined up with the T- ti abscissa on the eCT) and qu(T) ./

vs v plot. The ordinates qut(_) above each mark are added alge-

bralcally to obtain the corrections to the straight l_@ .... .-'

apt_roxlmation_ -' " " .:L

. • . -
. - ...

-29 - " • • "" .... "

.

adjacent to each. At any t=t the v -0 mark _ the " ," " . ' :

L .

" " Thus the straight llne approximation Is obtained in a ste_by- " " " "

step manner with the convolution integral method supplying the cot- :". : -. " "

--'" . . :2,

._ . rections to form the exact solution. If desired_only the values 0f ---. , ". "....

0(T) near quanta points need to be determined. The values for Bm ....

and TEm may be determined quickly by thls method, quss(V) and. :"."-.. ' .-_ .'

qut(T) are plotted only Once reducing the labor considerably. ." :2 . •- "

The following example' illustrates the method: • I .'.. " _ r " ' @ _ --_" . "

Kv T " -.
A

s_s-+Z_s+ 1] " _ ...."- .......
1

_ote: Any .o(s) - K_ . " " -
s(T2s 2 + 2_Ts + 1) can be reduced to this foz_.by; : . . ..

lettin _ = t. Let KvT = 0.5. _ -0.5. . ' " . - -

%(_) - NT - zg + sin ( .... , -.-

Where: :

9 " tan "I 2_-- _2

zr_z . :_. ..
or

%('0 - o.5[T - 0.6. l._e-o'sT sin(0.gs5 _ + z.szg)l

This is plotted in figure 9. Also quss(T) and qut(T) are plotte&. --..

The controlled variable O(t) is measured from the initial posl'

tion. The initial position is assumed to be one quanta away from the

next quanta point _b= i. At t- O a reference pulse is received with

_" ", _ . ...... '_.:,.'_.-. _. _ t,_._-:_.,,, ,, : :.... :._............ :_ .,,,_': ,, -_. ,,",.. '.$ ._',r_:_ ?,_ _..._,=_,:_,___..: =.: • . . .": .

• - " "'".\""::.. '" ";".'-"?'-S(:' ]_ . _"
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: A 0 = +i. A mark is made on the paper strip with a plus sign adjacent %_o .....

it. At %= 0.6, quss(_) starts. The corrections to this path are

• determined by adding qut(tl) to quss(ti) when the mark on the strip

is opposite v = t i on the abscissa of the plot. When t- 2.9S a . . ..

' " quanta point is passed. The straight line approximation is now " -

.quss(t) - quss(t - 2.95). A mark is made on the strip opposite v = 0- " " '"

when the original mark is opposite _ = 2.95. A minus sign is placed

. . .': ..adjacent to the mark since ' • "

_%.  (2.9s) • '• -

, The process is continue_ Ale method of determining e(t) is shown for

a typical point at t - 4.8. The strip is aligned so that the first_ .... "

mark representing the input pulse is opposite v = 4.8, The stralght-

. line approximation to 8(4.8) is 1.48. The correction due to qut(4.8) _

is +0.09. The correction due to the feedback pulse is qut(l. 75) whose !

value is (-1)(-0.26) = +0.26. Thus 0(4.8) - 1.48 + 0.09 + O.R6 i_83. " :
.... ==

_ The resulting response shows the overtravel characteristic of a " "

pulse-data system. The final _osition is 1.45 quanta from the initial ....... _

position. The response is also shown for an initial starting position

of h = 0.5 quanta from a quanta point. The final position for this

• starting point is i. 06 quanta from the starting point. It is of interest

to note that the maximum overtravel of 8(t) is greater when _ - _K

than it is when b = i. This will be explored later. The response of

a linear system with the same O(s) and unity feedback is also shown

for an input step of one quanta. The overshoot is similar _ut the

settling time is longer,

:'I,.:',:5:.11.',:" "- .::-"-:; " '.'._. ..,,.', • ..=. .,.,-...... .. ,.,,., .:_;.,.._,,_,_..,.,,,,,,_.,..... .;_..... . ,..; ...... ........ _.... _.............
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This method of obtaining the response e_t) .to an input '"r(t} ._; - .

quite useful in analyzing the response of a pulse-data system- It will :,: " " :"

be used throughout this thesis in the analysis. It is not Confined to '" "

second order systems. 15 can also be used to determine response in the "

presence of backlash as was illustrated in figure 7. .'- ' ' :, . ,,,if"

The method could also probably be programed on a digital computer

to yield results with less computational effort on the I_. of the _-'' " _ "'

• • _v.+_÷ .- " • " - - " ': -_e---oa-or - . . .- ....... . .
• . . -- . .• ---. -_ _ ..

Stead_ State Anal_sls : ": ...: .:. . -

When a pulse-data system is used to direct the controlled variable".

over a desired path the path is often described by. straight line seg-..:.=. : " .

ments. The desired path is then transcribed into a reference input ...::.,............,,: ......

rft__.. ort_e___r_m:__ " - '- • ' "_ ' !_ "_ "-

r(i) = ..-___AoS(t-_ nTro) ._. AIB( t . nTri ) + o . . .. .
n=O n=K+l . " "

A(>, AI, . . . determine the desired directlon of e(t). 3., I_... .... : i.

determine the length of the straight line se_nents. Tr_ Trl , . . ..

specify the desired rate of e(t). Each of these series of pulses is. _-'. " .".'_

equivalent to a ramp input to a continuous control. Since this type

of input is often applied to a pulse data system i_ is of interest to " " _

examine the system response to this type of input.

The transfer function of the prime mover is assumed to be of the •" "

form: .

_(s)= _G' (s) :_ where G'(O)=l

The pulse-data system is incapable of maintainin_ e(t) = i/T r

except under certain circumstances. When r(t) - A ._(t - nTr)'. .......... "*_:
_ . _ . . m.___ ..... - . _ ...:'..=_'i_.V:/__

' "".-'. "'_'...':_ ,_'_',:,'"c'... ._ t;,_; v.........-, ...... _. ... _ _......,.,_.......... ,-.- ,.:,..., . ,_. . _ _.. ....._ .. _, ,,._,. .-. ." _,... ..._,,.

""-'"'::. '"" "_ " : -" -. ,.". "." ": ". .... "_" _ -: • -_."......: ": - " ".. "- :_'e" _" -:.,-_ _---:'-':',', .....



•. . - has the magnitude of a +I quanta for Ax of every period and equals , .-

a quanta the remainder of the period, a Is the minimum number of _ . ..

quanta velocity error in the steady state. Unless A_ is zero-

r. . . .... :- •

.... ": In the steady state O(t) must change by one quanta, during the -, " - " ' -

time between reference pulses. If it does not then a correction W_II '. -_ :'.

take place until it does. Thus:- ' . --. - "

._ .

........ -Where K _ the " " "": ' "/ :_" ':"
ss,t, veloclty of the controlled varlable during one • _.

i ..... _ . .." ".. r'_'_,.,,. .,. , ".:. .._ ._ _ . , -

period of e(t)..in the'steady state. _ts relation will be used to'• -.!_. ..
• . _ • " b " . . . . ._,; . .

determine AV in a rlgorous, manner. For the present a much less r_- '. ......

. . ,&t. o

" orous approach wlll be used to illustrate important aspects of the -": ; _ " ."

steady state response. ,... .... : ......" " " . . . .

Xn" the steady state: . " ..... .

.... "eaverage over one period = i/Tr "'. " " ." .........

- L_V " "
eave--_se--- - a + _-- . , '. .-.

Thus: • • '::"_ _ .. . :•,; •

1• ' .....- N "N
.... or

AT=. 1 . -

aTr

• . ...

- , j. ,..,.-- ..,._..,:..;. .:'..".... . .....,.: - . : ....:-: . ._._.",., .-.
-.,.'_ .:-,,% .._,..*,,_ l:% _."i .":. _._,' ",,._ , • A ,",_ ._.. " " ' • :'' ' • "

:, .-..-.-._.:;_.,._._,-.,_,:_...,.,,_.,.._, :.. ,i._-'..__-_. ....._.,:, _ ....

..... : .. ." _ ." ,., . . . ..J . _ .. . : .: . . " . .
• . . _ _'. .. . ,...

.......... • . .. ..

i " ".'. and the system is in the steady state _t) has the form shown in fig-

ure 10. Under these .conditions e(t) is periodic with period T r. It



.-.. . •

. .. , . .

• , • . _ . . _" , .

• .. .

.-'. ; "' . . ,_

a+l

• -. :" -,

a-
" - .

,. ", .

; .......,, :.. . . . ." :... _." ... .

... . . .. . . - .

- . - . -
• , :..

.-: : ...

. _-(quota) :
• - . :" .

-. . . -, . - . ..-. . . " . .

. .-" . .:

• ._ "'. . ....

i i

. -'._ . .

• . o

. ....

• .,. , - -

- ; , - , , -

!

- "r . , ..... .

..- . - ,

.°

, , . : -'.. ,A....- ..

-... . ..- ..

• ... . :

.': ,. , : ..- '-.: : _" "', . .. .o
l

l " " ! " " " " "- " " '" "'" " -':"

i
,. • . .- -.

• • . , , . . ' ,. .- . . " .

, ,"_" '_, . ,._i; ,." '_":." ' - ';_; ',':"_.'"J_"_ "' '. " _ ' /.-_ " _

_.. ',.".',',.'._,...,,. .... _ -.t-:,.L,;'_;,_,_._,-_."" "' _ :_ :' _ ......
• -', :';_. "_t';:_:/'s''' " _" _ , ....., ,.,....,,, . .._. .. _ . . .

-- :.... " ! " _':".'_.:.'' '. '_ " -- "i" • .':'" "'" :, ","_'. , " .. • .-.:.

•" " . .. ,.

,.. . - . .

• . " -. • .

;, ""

"v.

• . . .. . •

I I
nT r nT_.+d_ Cn+l)T1_
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FIEu._... IO. - Steady state Output of digital tO analog converter.
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(n+l)T_.+d_ (see)
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Note that for a = O, Av is independent of Tr. This Is ill_trated

in figure II for G(s) = -.s(s_.9) at three input rates. The s_stem "
• . " . .

starts at rest when r(t) Is applled, . .-

.- . .'.• -.. • L

rot) - _ 5(t. -..nTr ) .... .: i, - ': '

In all cases AT approaches 0,9 in the steady state. At the lower "

rates it takes longer to reach the steady state. -- " " .

" " The steady state response O(t) can be evaluated by determinlng...C,.,. "-. :.

the response of the prime mover to an input e(t) of the. form Shown in " • - :

-. figure i0. This is simply the response of GCs) to a periodic input-. . ."

. .. plus a _xe_ input. This can be accomplished in many ways.. ...... . .

. (i) The Fo_Irier series representation of e(t) can he evaluate_

" 0(t) can then be specified as a Fourier series,' .

(2) Steady state operational calculus can be applied to obtain the "
• . ., .. - . o .

s_ea__-- state solution for """e(t)over one period. . .
4

• .,. ] • .

(5) The pulse-data system can be represented by an open loop

sampled-data model. Then e(t) would be represented _y a constant " '

plus the output of a sampler and zero order hold c.ircult. The hold

time would be AT. The input to the sampler would _e unity. Advanced

z transforms could then be used to evaluate oct). z transform Sampled

data system analysis is described by Ragazzlni 5. " " ' • "

(4) The sampled-data model described in (5) could be considered an

open loop sampled-data system with finite pulse width AT. Farmanf_ 6

presents a group of transforms which can be used to evaluate 8(t), ".

The most useful of these four methods is the second one. This will

he the method used in this thesis to describe the steady state behavior

" " .";. _:'._'-/,": . ' ,, .. : "_ ._' " ,"i''=,, : ,._lj_,,, .'' ,'. " ' :': •',-_' _ . .' • ":' .. " .... " "''. >'' "

• .... " ...-: ...... '- ,.. .... ,'... j_.'.;.;;_.,'.i,, I_:'..._],L_. -. E" ,o," " " '-' , :::
:" "" ' ..... _' " 1:. "• '.'_'_- _]_' _ _. . _.'- .... _- . - ' • . Y-,'" L Y--': "- :. ........... _.""

. . .
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b_ea_y _cate Operational Calculus

Waldelleh 7 developed a method of determining the steady state . ..

response of a linear system to a periodic input. This method _ :- :."

applied by H_de s to _ _e data s_tem _th, • • :.... i

•,,_.,..,:... ....._.. Q(s)- 'a(_s+'I) " ... . "" " ....
..... ' 2. _'i.';.; ' i.i'.'

The method is also described by TrUXal 2 and Seshu 9. A rigorous lz_oof :
LI , 4q I

is developed in Seshu.
. . • .- -.-,. :,:...... " . ..':,.."._.."_.-.-

• " : The method is performed as follows: " ' . - .....

" (i) The transient response of the system tO a Pe_o_c--_ input is " : -

. detennlned. - " . : ..... " - .:...-.:...
'., '_-

......... ".... (_.) The total response duri_ the first pemioa of a periodic inl_a " " '. i i. .

..

(3) The total, response for. the first _riod minus the transient. -.:"

response is the steady state response over any perio_l. - - " . i-.'-.

Th_s is applied to a pulse-data system in the following wa_ ....... . .: ..-..

e(t) = a + [u(t nT r) - u(t - nTr'- A_)
n=O

.Describes e(t) in the steady state as shown in figure i0. It is useful

to normalize the time varla'_le, hv.l_t_,=_------_; ". , .. : -

Where T is the ,_or time eonstan_ of G(s) .... " - .

,} .. ....e(_)- _ + ' -u ,'r.-.---.-. -
. 1a=0 . .

_et; : ... " " " " .,... _.... -

........ " ........ Tr A_ .... ' "":' "
. . ... • -_--p_d. T._ ..... "

• , . - • . :.i•....- : .•:,,i,i..• . ,,..... :
. - . ... ,-_ .............. .,,' ::_' _ :::f--"_ .,>..,. ;,_.: ., .:..... .;_,..,...'.: .,,,,- ..... _...,_

• .,, : •...... ,...,..,,_...._,...._:...: :..,L_:. _,;,.-_-..;..:,.-._._._.::ii:.].._-,__.: .-.,.._.., ,,.,.,.._.

''"" _._ "_'.... _'"_'!:'_'_"_"'_" _" ..... _"_"_".'-_ "_"_'_' _ _- _"_._i'-- :;-:'_'_._.'b _ '_ :i._,_t: ,,_, _ ._:,_,,,,_ ,.,_ _L.._,:_,;, v,, _,.
' _ :; @', '" " . _",'._ _'_:'"'_- - : -'" _e':_-,;.V_'." ',]/_'_, _'_:_._._'_'_,.-':""_,-.'IF,_._ ;,,.' .._.; _ _,,,A ,,1; ._ _,,, _;,...

"" ;k _•_ ." .: - - ,..5 _.! ; _1 :_,'z" ._ " '_ _.'_' # ,_,', _3..,-'"
, _._ ....... / *,,--. , .:- '.". ":, ,_ , ,..i ,...,_..| ._ .',,, " ",' t ;. _,'.. :
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.- • .. ... .. ... .. , - . .-...:. .. . . ....

• .'" .. " -. : .. . . ;"

• Then take the _p_ce tr_sfo_.of"e(_)."'. ' " :'" ""::,:"...... :'.,- " " " : _ '"' : '_i '" !

.Z e--13s (Z " 'e"°') •
.... 'eCs) - a -_n=O- s . _ :..-....-::.., -

• - " ; " :" i ". :" _ '_: ".'" .- ' " .." ;

.- - " " ' e-nl3s :-- 1" ." . .... ,:'"'-i ..... "-,.

........ n.Z"(o 1 - e-_" • -i ' i" ;" :..:.' - " ' _.""i_. . '_ : .

• " (t-.x)"1 _" i+ x+x _-+ xS+..... .._. .- . .. ' .., .,.-

ThU_: ,;' :. i': • " ', - " " '"" ""/: '" "

(Z - e-_) .: ' • . - : _. :. • .: .
. eCa) mS+ sol • -13s) '".::-".. " ' "- -" " : " '

. As an. example let:-_.

Then:

oCs) -

.- . . ., . ,,

eCs) -

-. f , ,

The transient response st(x) can be determined by evaluating the

inverse Laplace transfor_ . , --
- . ...

": i r e+_ e st
O(t) = _. oCs) dn "

: c',,'-' " .....

KvT e(s) _ "." . " -.

a(s + i) :. .

. L . .,o... " - .

: " • :- ::

...... ,,,, •

This can be evaluated as a contour Integral in the complex plane ...... . - .

e(t) =_ residues of B(s) e st

/. at poles Of e(s)

T-_
= .\ residues of

/__/at poles of

e(s) est + V residues of e(s) 'est

G(s) / _at poles of e(a)-

.: •

The residues of e(s) e st at POles of GCs) yield the transient part

Bt(t), The second te_mviLl yield a Fourier series of the s_eaclF

state _ ess(t), Zovever e(s) mad G(a) cannot have ma_poles

in common or the method does not work. ..

• -:." .'• " --

............. :-., ................ : .': : .-::

.... _k_::, .. - ., ........ -- ........

. , •...... ..-
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In all of the examples considered here":-G(s). _" AVul(e)/s Vhere "_" " •" "_"

• . . . _: :'.."

G'(O) = i. This alvays has a pole in common with e(s). This _le al; " "

_c') .... " " "- - . s = 0 can be eliminated by examinLng . In the present example the L..

Laplace transform of O(t) can be for_d. - " " ....
- . " . ,.

( e ST

O(X) = _residue:s _(_)] e $_:"
poles of " -.

e(s)OCs) "

- %,T [(a + 1)(m - e") + u(_ - _)(e-(''_) i)] + _(o+) e'"

• for 0 < _ < p

.- . _ .

The steady state •response over one period is then-the difference.

°ss(')= _,.T[(_ + _)C_ - e"_) +u(, - _)(e-('-_)_ D] + b(o+) e'"

}- K_ -" (1-e_) _ e'"+ e" + _(o+)
(1- e_) ,.j.

.........."_'_ ............. _: ..........-;:....._'.:,-,_:"_ :_;:'_'' " " .... : _.;;_ii_

• .-- ....... _ . . . : , -,. . .- ..:._..:,-.,..._- .__.._--./?,;:

[ - ,,-°°,= _T a t 1 e " + k.!-q-_e)e'" + u(, ." _)(e "c''_) _ ....

._:,,;...-.- ::: iii:ii/;_-_,...-!._.i):,i,';:: "
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- ..

- 40 .....

Where • - 0 at the time when a reference pulse

Then this solution is valid for 0 < T < B.

• _ " ": " ]'4 .....

5(t -nT r) oceuz'si
.+

AT may be evaluated by making use of the fact thal; the con- ". _ i

trolled variables changes by one quanta between reference pulses. • " "

Thus: " " : -;

: + + ++ .....+/+ " . .... + . . ::." -,+-IT-=). z) _.+ : ,

(1-e + (,,_:Z): -:_-_+_, + z) B+_e-e-l- _z---_-_,) . : . +

- em'13+l- IB+<_J .... " .;'..

-II .1. .+ . . - . + -" f +, ",.++. j.+ . : "•

..r• . • ,,', :+__+:. • . ' :;l _"_" ', 'I _ "_ _+'++e
. , +_ +,+ . • . . _+ _ +e i_ , _.+ + P,.. +

I e _+; (IT - i',': .... : +.... "....... 1'_, _.+;+ , :' ,U O se • ;+ ,+ " , + -: +, + -+,,+ . +, _,,
..... ' • ++' ' "' "+' .' ;" ++' : ' I_,', .t + _+ -

" z+_-_--'_" a_ - .... '. ;,_
1

• . , . . _ .

+

,. . ,

+ ,, ut,+_ ,_+.
... +

.+;- .,., _- -
¥+ . - , +,,.+_f _'++-, . .., :

°+ .+ " " . " . " • H. ,-

+ . - / ,' • , -

- or s .
• . . " .. _ .•.• . "

...... . ... _-_--,_ - . _.-.....
f ". A_ _ . . ._.. . ,'-

As was shown "_efoxe.. - " - • - ,

Graphical Steady State .4_L_IS
- .

The time domain solution which employs the convolution integral

• . .. .-

can also he applied to obtain information about the steady state ....

response. _ce Tr and G(s) _ detez-m4;nea Aqr mm_'_e determined

by the methods of steady state operational calculus or by the . + ' -

graphical time domain solution. The form of e(t) is then specified, i+ +

Oss(t) can then be determined by the followin_ procedure:

• " - _. - . ...... ;i._ " . i : . , +,-

,., . - . ..... ,. • : . . . '",+; ; , ,.,- ........
:,_ -_.;. _. .-..... . .

" . : [+ ' . _ :" : _ ...... +'+ " " " +" • ..... . q " < " + " : .... , ' + ' ' ' +F " ....... ''+ .... _ 1...." ' r'':" %+ ' I +' + , 4+_ _ " +1,_I_++;+_ m _

_+: ,":;"_ '+_ . -: :i'" :';!_.: ..'._'_.-,." ._" . +-::-:,I'Y/ ' ,; ,+ - : _"_+':.,'_:-:+:-_;:_s _h_'+_:'+";,+:+ '_.'_+_+'-+_ '_++'++'/':,"
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i

i. Plot q(t), the impulse response of G(s). This is theveloclty " •

response to a step input. : " "

2. The convolution integral then can he used to determine e(t).

_0t
eCti_, i_Cti-_)qi_)d_ '_

3. The form of _Ct i - T) in the steady state is aperlodlc series
• . .'.

of unit impulses. This series of impulses is marked on a strip of paper : -

with _ as the dependent variable. . -
P_

,. ". ..... u

4. The strip is moved along the t axis of the q(t) plot Until :

the ordinate of q(t) opposite the T = 0 point on the strip is in the

• • . ........ , T . ....

, _ 5. The method then proc_ed_ijust as in the,case of the'time domain_' i _
_'./'...:,.,',• "_;"f'_' ' ' .'. " _! t " _ '

I

'" "" t_nsient solution. ' .... _ ','.,.1..... _ .
Except the strip now has the marks already on it. [.."". : " '

The value of ess(t) at any time is the algebraic sum of the ordinates ' : ;

of q(t) above the marks on the strip. , - " ' .

. i The values of ess(t) over one period of T r maybe determined

very quickly by this method. The method is applied to determine theo-

retical values for I in appendix I. Thus ess(t) can be used to

determine the steady stats ripple for a given value of KvT and T r.

S_nthssls Methods

" It is desirable to have some criterion by which the system gain or

some other system parameter can be spoci_ied.

In a linear system the Root Locus I the Nyqulst or the Bode methodJ

can be employed. In general the specification of stability criterion •

for a nonlinear system are not nearly as easy to systema£1ze.

i " •"..-;"._'.. . " .'- ' " .'.. . ''" _..i.::'_:_, - ' ..
.. ,. . .. 'i/;.t "', ' " '_" " " • - , ' , _ __-. ...., ., _,. ' ! . -' ' , .... : ._,'. , i'_,: • .,

.-. , ' "_".."."" ._-r: _ '_ :_'',.' . '"'_ ', '" .' .; ..... .' ;., .'.'.'_..', " ,.,,'..':,- . ;., r' ": .... ;, "..'_;..:'. "
_'.';" ''_'" • -'-_""- _'"_ ""_:" ", " ':". : "'_'-,-','- • ' " '. _ : '-" , ', "': . ." ..... .t "_ ': -. ; y. : ," '.

'L. '.'. ' ,..,'.':.-,'__"..'_-- " " .... ,-;.. /' "..- ........ .',......... _' ?_,,-_ -'-.: .... : ...... ;.':,.:._,,,: '7.. ;- .; -'.



For inputs which cause the pulse-data system errors to be large .the

quantized and d/scontinous nature of e(t) would appear to be less

important. Thus it mlght be reasonable to replace the system model "

with one which had the same transfer function with unity feedback for . :

large errors. One way to determine if this is possible is to apply the " .....

describing function method_ "" " ' . :-

_ i! ! _ • _ _scrlbing _nction .... _

A new model of the system is developed in figure 12 from the model/ ..

shown in figure 4. A new input r'(t) is defined as the desired Out- ,'

put. This is quantizcd to produce r(t). The integration block may

th,u be moved beyond the s_nmlnE point. This is done by replacing it i. _

with two integrating blocks. One on each of the inputs to the smmnin 6 ';
. . -.

point (fig. 12(a)). A describing function will be developed for the

Quantizer and integrator combined. This will yield an equivalent gain

KQ which is dependent on the amplitude Of the input to the Quantizer. _ } •

This is shown in figure 12(b). This model could then be usedfor sta- "

bility investigations using the describing function. A further refine-

ment is shown in figure 12(c) where the KQ block is moved back throu6h -.

the summing point. In this model the gain KQ can be related to the :_ •

error. • -

The gain KQ is determined by applying a sine wave to the Quantizer

input. The output of the quantlzer .is integrated. The first harmonic --_ • "' -.

of the integrator output is compared with the Qu_ntlzer input. The " •

ratio of the output amplitude to the input amplitude Is KQ. -

The Quantizer and integrator input-output relation is shown in

figure 15. For a sine wave input to the Quantizer the outlmt may be

, , . , - _. , _ _ _,- • .,_.: . _ :. _ ••.. _ -., .,..D I ..... • . . .... : - -. _ -_.:" ,-_.,..,- ....... _.. --_ -. . _-.. q_,_ ...... , _..*.:-
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.... ".. _ " , "". .

" ., . - 'IS.- "." .. : " "...." .'. ' .'.. ' " -'.." :'. " • _ - .r
- , .... ...... :. " ." "" • ...... " - . ...., • _ ." . . _ " i

expressed as a Fourier series. '-: -:. •
- -.- .

. -.. . . . . . - . .. - . ..

. f(t). - _n COS n _t + b i s4n D"0JI; + _-aO i".'." "'"

Where, : " " " ' " " " .....

". " . ' -" " II(. " " ' "'"" : _ _'" "''''

•.. :.,- _ • . . .=

• . , . _ • , . ,.'- . .

": . . . .. , . .,'-'-" :':." .... -

-"" ' "

bn = _j £(_t) slnn _t d_t

.-II
. .'"L. . "".... :_.L -

- The output Of the integrator for a Qua_tlzer:slnevave :/ml_t, of _. ::-! _--.._ .

• . two quanta amplitude is show_ in fl6ure 14. _ --,. .
. . . - , . .

&0 "'.. -'"": - " i.

• , , - , ..

Since the integrator output Is an odd function this integral will " - " "

.-- . -...... Vanish. - - - . ...... " "....

i__I+e2 • " . : . . :F T .........
• . b n " _ [-"L XT01 sin n (dr, _ - , (lYe, _ . elsl n n o_r,d(l_ ". ".• - _-_+82 " _"82 " ' _ "

p_-e_ " p..ei _ .

81 . ez . ,w_.ez

- . ". ". . . ,

n - I for the first harmonic thus:

= _ [cos e I + cos e2]• _(z) .

_here: .: • . , _ ....

A sin 81 - 0.5 A = _ .
... . . ..... -.

2hus:

8_ - 14.5 ° " " " ' -

• . . . "..
- ' L ......

•_e z=.Ls ,_ ..... _

:'-'"/'_'_" ...... " '< e.':,,_:;-:,"_'",",'.r,_ ,'-.' "'; " ; _ : :_'". -.;:"',._,_.', ,';L "Z/'" "J_; - i-.'.,, .'.", _.a',',... _'_ ,_-_v.,:vr._,.l,,/- -_"

._._-......,.., .: '-%_.-_,_, :,.-, ':. L' ,_ _.,_-,,; ,'....?-.. , _. ,:..., . . . ,.._-:.._, ._........ :...,., . .... • ._,_... = .,,;_,_._,_,'_.,. _.

--'>: .......... :..... , ...... . ..........
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In this Way

The value of

• . . ° . ;

. . . , . .... - . . •

02 = 48.50 .._ -.-- ,
• .. .. - . . . . - . . .

bz(2) - z.oa .... " .

b I can be determined for several input amplitudes A.
. - . . .

KQ is then determined by the relation: " .-

xQ- bl(_) " " "

The resulting relation between KQ and A is shown in figure 15. ".'.,-..

_ • o • -. :.- ,

KQ varies from 0 to 1. 275. The htghest gain occurs for a sine wave " . ....
. . . . - . . - . .

- . .,.

input of amplitude 0. 7 quanta. As the input _unplltude increases the _ -.

effective gain KQ oscillates about the value one with decreasing

amplitude. For inputs of amplitude less than 0.5 quanta the gain is "- .-

zero. In this region it behaves as an open loop " ' ! ......syste_ :, l'-, :: ,.- .... _ •

This result _seems tO substantiate _.._+._"eiaim ........ ' .... " _ :, I .... ,: -that the _e-_ata. T'..' /_. ";'

system approaches a continuous system when its _or is large_ . Tn . . , ,.

figure 12(c) the loop transfer function approaches G(s) for large r" "-"

errors.

The describing function could now be used to approximate t_ sys- -" - --

tern gain for stable operation at all input amplitudes. If G(s) is _ . -. -

the open loop transfer function and KQ(e) is the describing function "

(there is no phase change with amplitude) then the closed loop transfer

function is:

• o(s) .
1

+ oCs) .... . , ' :..

This is stable if the denominator has no zeros with positive real

parts. The N_quist diagram serves to investigate this by plotting the " '

locus of the G(Jm) vector in the complex plane as -_<_<._ As " . .

- . . .-

..... . • ,. ,_ . , . . _.... . .... : ,.;. . ; ,_., . _._._. .... . :.- . • . .

::.,..: .S.;,::Ol_ .- , l.. ,... _;- ........ :_..._ ..... ....... ,:.___._..__ ..... ",_._-L,-._'_'t ". ,:'<'_.'/ ,'_.'.'_',('_,',_';_.-..\ ''':', ",_'_ -.I
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this locus is traveled when _ goes from -. to +. the -"K_--_- ""

point must always lie on the left. In this case the critical point • : _ ' "

Would be i/1.275 - 0.784 instead of i. .. . . .
. + .. o -

The describing function, however, appears to be quite conservative.

" L : In figure 9 the response Of a pulse-data system is show_ ' .- '- . " ._..

Where """ "": •

" 2, " +'.... , " - " - " " " " " " -

•:;':i:+. i: -- sCs +o.6,÷z) '. :. • " "

with continuous feedback this system would _e unstable _ KvT . 0.6. " "

: " '" Since Routh's criterion showaz. i " " " " '. - : " :-+ -- - "

p

p

The Routh table is: " . " : +: . . " " - - "

" , :• "-.:: " " " " " ' ''": + 1 . .. 1 ". -: " " "
" " 0.6 +_ : " : ' " ':-""'-_w_ m

4 KvT
• .... - i O. 6-KvT - "

If KvT > O. 6 the continuous system is unstable. Using the describing . -- :-.':. :.

function4 the pulse-data
.... system should be unstable for KvT > 0.47. The : "

response shown in fiEure 9 has KvT = 0.5 and the error is certainly - '

greater.than 0.7 quanta. Thus it appears desirable to have a more " " .:

accurate stability Criterion. . .- .

Stability Criterion

The describing function indicates that stability of a pu.lse-data " "

system is the most critical at small errors, The des_rib_J_ function . .-

is a:pproxlmate s however. Its. accuracy depends on how we1_ the output " " • -

of the quantizer and integrator can.be represented by a sine wave.

the bandwidth characteristics of G(s) " are important.

;_ ",; ,. . .., •+ + ...+ ......

++:,!";/'...; .....:...... • ..
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• In order to develop a more accurate method of specifying a parameter " "

of a pulse-data system the response to a single input pulse will ._ • .- +..

examined.

• -... ..... Figure 16 shows .the two basic types of response to a single pulse,-

The initial value of the controlled variable is b=l quanta from t_ next ".. ."

_ quanta point. An input pulse r(v) = 8(v) is received at • - O. _e "- ;_....

controlled variable 8(T) will increase with time until the systen, : ) ..-,'".."

passes a quanta point at 8(T) = i. This time is designated Vl. At :'i_ " " '• + . . .

this time the value of e Iv) goes to zero. The controlled variable _ .: ....

continues to increase but the velocity decreases. In one case the con-_'._ +:_:

trolled variable overtravels less than one quanta beyond the quant_ -_i _" ..

point. The response for an underdamped system in this case will reach ._ _ r ._ j

a maximum value 8(Vm) at _ = _m" In the other case if 8(_ m) • 1 +b,.-

the system has overtraveled more than one quanta, e(v) Will become ...... ......
• _ " _ i _, - .

negative causing the system to take longer to settle down. In general-_ . ::

b and G(s) will determine if the System will overtravel by more than :

one quanta. A procedure for determining if a given pulse-deta system. " " "

will overtravel more than one quanta will nowbe developed. This will. ; .

provide a way of specifying system response in the region where the : " ' • '

pulse-data system is most nonlinear.

The prime mover block and its typical input and output during the '.

response of a pulse-data system to a single input pulse is shown in

figure 17. An input pulse is received at v = 0. This causes e(_)

become one. At v = v 1 s quanta point is passed causing e(v) to

become zero. At T m the value of 8(T) is a maximmL Thus: .

e(',) - %(T) - u(_ -"1)'_('.- "1)" " - - _ ..... " :

•• ..... : ii i ,i
- - " ." . . _ ,+ . '_ .,+._ ',i "..i_, . +" " .... -.+

' ,,_ ,-+_ .... "', " " :......... ,._: .... '+-'+ '..:,_ -.._..._.i.P".'.!,J_: _"_'_'" +'" I'll" +t-+"t _' ;+ -' _,-I_ _,, ,._ii "_,,..,_,,++_._.,_._++,,t,_..'+.
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The requirement for no overtravel is| ......

." . . • ,. -"

e_Tj_'' <b,1. .. -.. • ....." ,

• There are two cases vhi_h musk nov be con.t_ere_ ..... - .... - -

Case I 0(_) exhlbltS no overshoot.. . .-.:..

Case':n: e(_) aces overshoot, "" .- . . ..: "- .' ;" :" ' -'
• . . . - .. - .

Case Z " " " : ' "_ " "'"""" '"" _'

. - . - . . .

In this case G(s) has no complex poles, The final Value of . e(_)-" " .- ..

is the maximumvalue, :. -
. • " " -. • , • " _. _ • [ ' :" ,U', ,,' "_

........... e__( - _ :. ". .

" " " - " - ',' ., -,',;"-'.,,,:i_....,., : -_ ,:
The final value theorem of Ia_lace transform *_----- __L___ _ ".-'_ ....... . i_ _.

. . r _.mJ._[_r _t_e_| _ , _',.',_ , _ ',_' ".. ";," ._"? ",.

• .. .. ._ _ , . , . . : _! ; ,_ _ ' ..., .; .; ;.._ .
• " - - ' ,".," ,.. • llm _,__ llm _/ • : ...... ', _,._ ....• .,:, _::_.._

In this case the Laplace transform of 8(_) iSZ - ...... " " " " "

- - " 8(s) ' O(s)(1- e -_Is.) .. '. :, . . ...
: s

Thus, • - . . • - - .....

0(,,_..-[.!(.,Iv.-',',]..... :
For example i.t'l"

 Cs),,,
sCs + l)(_'s + i)

where _v T is %0 be s_ec___ie_-

1/m I KvT(I" e ) /

The n_un_or and denominator approach zero so tha_ this In Indetermlnal;eo

Hovever_ L' Hospital's rule can be a1_3/ed. "- " "

• • _... ...... ..;...._. •
........... : - . *-.. . . . ;-.. , . - . .. -*.
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e(_)_ = s -- o

s-'O

. . . -.. - ,:. o

r

(T's3+ (i+ T')sz+ s)l .: -. --...

-. ; ,o. •

•'az+ 2(i+ I " ::

. _, • . .. . . . ....

criterion _I" - _ ..... " " : " "In this thecase ove_ravel ". , . "v'° • .. "'-

= -/ .%. - ,. ' . -.. . . . . .

Kv_rl<b + 1 .... ... - : ...' ..

Thus the _thod for overde_pe_ systeml ls:. . ._..;-..

(i) Plot qu(T) for various values of the I_rameter which is - "

• " --_o be ._peeified. " " _ ; " .. -

(2) From this plot determine TI: with respect to _ for the : '. i-.,.,... -i_

. " " '"': .... ''_,,,_,,:_.:. _ --.,_:.:(_.i,,_;'.'"' ii,. ,., .J:; '_':"_',_':_"i"':..';..
I_rameter values, ....... . '_;". ';','--: ;:;:.I "J • : :'! .... _ ' _ ".

• _,., , .,-... ,,_,:...,._,.,,. ,,,,: , ,. , ,,_ _;, . , ' .... l,' -""_'/: "_' '-','"_,','
• ' " .,"!'_!" ' _ ";-""_ ' " " " ..... ' ..... _' ' '

• "_,, :.-_:',., :.'.,p. ... - (5)" Plot e(v) maximum with respect tO l_" for the Ix_rs_e_._ ,,."_. ?.......,_V:.'.....;
• . . ." ' #.;! :,?'!.,'I'; . .

values. The limiting parameter value is that for which the (-' " ."". ..... "

- o . - .. - " - .

e.(X)_a_a_ n curve falls below the b+l line at all points excel" : i ; + "

One. .... • " "

L " '/ •

Case II . '. " .... " - .

, In this case the final value of .8(_) is not the maximum value. . : :

let Tm be the time at which e[,)is a max_=_- _e m_d_a. .. . -

value occurs where the slope of e(_) is zero. _mt is:

_ [%(_) - u(, - _z)-%(_ . _)] . -.

orl 1 . "

a [%(_ )1 a [u(i_"_ " _.) %('." _zl]
• . •

•._ ;', ..... -.

let _(,) be the :Lmpu_e response of G(s),thea _ [%(,)] " _(T)"

• " " ".... . : ".......... ........... :.-:.-...i::- : _': L._, '-
- . - .

..... .- , -' • "_.:, ,..: ......... 1 ...,: _.

.... "...... .'_' ":....... " - :_" " -'__ _-'_'.--= : • .': ...... ', 'b,''_'. '_ ""
"/ : • • .,- .... . ."., ..... .:,-,_. _._ ;:_.> ._:.;_.... ,. ,..:_.,-_ -e,...._ #: ..i- ,,,.;r_:']'.4';,_.i_. " ':,:: " .- " : • ' , _'" 7 ' :_ "-Lr " '_ '." " "_, *"
• _.. ," .,. : -...-_; -. .:: _... :..,...,. .... :." "."_''_ ?_L",'. ._ "'_,:i-:'"' " --'" • 7._;'",..': .7 , :,...... ,:
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Th e value of may be obtained by plott_g the impulse response

q(v). A second plot of q(_) is delayed in time by TI. _en the time :"

v 'at which these/tw0 curves cross is xm" If there are Several Tml

• the _3_O " " " •where
curves cross all of the values are note_. " The _esired . . " "

.-. Tm. is the one which causes 0(_mi ) to be the largest. 'Once. _m is _." .':"" .

found 0(_.) maximum is determined. If b + 1 • 8(vm) "the pulse-data - .....

system w_ll overtravel less than one quanta. " , ._ ;

--,' ..... " The method for underdamped systems :_:" "' •-":;. "...." '" - ' - " _ :

_..._.,, j.. ,. ....... ., ..,_ .......

" '_ : '_I.... _ - (i) Plot qu(X) for various values of the parameter which ri_ to be

- . - ..Slx_cified.. .-_ '.. .: . . ...... .

.,_- .°- (2) From this plot determine _I_ with respect to b for the param,

' " eter values., -" -

(3) Plot q(T) twice. Delay one plot by _i to determine _m ....

: the time at which the curves cross. Determine _m as a function of T I-

. (4) Using O(v)max = quC_m ) " uCTm - Xl) qu(Xm - _i) and the ]plots -

. . developed in (i), (2), and (5) plot e(_m) as a'function of b.

(5) The curve of e(Xm) less than the b + I line at all points : " .....

except one determines the critical parameter Value. -..

Note: If it is desired to vary the open ioop gain KvT alone an ""

alternate step (4) is Suggested. (4) (alternate) Plot e(vm)/_rT .as

a function of _I" Then for various values of KvT plot O(_m) as a

function of b,

o . - -
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The method for underdamped systems is illustrated _y the
. . . - .

roLl.o_ e_p_ i. "i , ....i.: " ,. , : . ..
. . . - . . • . - . . . .

. . Let "

oCs) _'__" " "_ " '
..... srs2, + 0.6e + _"_ "......

. .... . .- - .

" The critical value of KvT" _11 be_selecte_ " ........ "

.° . .

(l)Fi_shows %(_)/_---- asa_ctin, ot T. . : i --

Tz asan_ctlonof _ for(2) various values of K_T is . _. : -
- - e ,- -

inshown figure J _ _ -" .. ""19. These
oDtalne_ by choosing a value of _vT. _: : ,

This value specifies the ordinates in figure 18. Then the value of .. - -

.. • for which • qu(T) = b is T I. For example if EvT - 0.5 for... " -

b = 0.8 = qu(V), _ = 2.56. Tn this way figure 19 ls developed. ,"" ;. i,/i- _ :
_. _:; .,•. . ". _ - :-/ . _

-. (51 F:[gu_e 20 shows q(T)/KvT and q(qr - Vl)_v T for Ir1 1.. , m • - ".

The curves cross twice at zm = 5.8 and 7.1 _cc. e(v)/_T is larg- ..... ;: . : ,

est for _m = 5.8 ; "::. This comparison of q(v) and q(_-TI)U(T_TI ) - -"
'- , •

is carried out for enough values of v I to plot the versusTm

relation. The resulting _m versus _i plot .is shown in figure 2L .... ;

(4) Then given _i 3 _m is determined from figure 2L . These

two values may then be used in the relation: . -- .,

• .. •. ,v

The values of
_(_'m)" " and c_z(zm- - T1) are determined from figure _ " .

18. For xI - 1 : figure 21 yields _m = 3.8 ccc. Then. figure 18

shows _ _.28 quant, a and _ " " " "
KvT " " '_r" - L93 quanta. Thusz

, . - . - . : .

e5.__. L35 quanta for " _i " 1 "
_T !

- - . . • .-

" " ,"" i

j - /.;. -, . .

• .•-. -. _ .. . ,, . .

: :/ . . . !.
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Figure 21. - Time of maximum overtravel and

travel versus time of first quanta polnt.
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This development tois obtain
e(Tm)/EyT as a function of _1 ..... "

as shown in figure 21. "
. . . J . - : .... • .

: (5) Now the curves of e(T m) as a function of "b for various '.

values of EvT are plotted in figure 22. This is done by selecti_ '. .... - "i"

a value of KvT ? Then for every b there is a v I from figure 19,
_ ,..

) • ""R m

The value of T I specifies 8(_m)/KvT in figure 2L This value is : " -: -

by KvT to obtain a value of 8(v m) for b at the specl-"" "" - -multiplied

fled KvT. Thus for KvT = 0.5 and b -O.6 quanta, v I , 2.26 ..or. •

from figure 19. At x 1 = 2.26 cc_, 8(,m)/KyT = 2.95 quanta. _ . ; " :"":- .-

8(_ m) = 2.95X0.5. .= 1.47S quanta. .The curves shown in figure 22 are

. fleveloped 4n this _my, _ .The. critical value of.. KyT,,',I;_Jsj ".i : • _....... : "':'_ " _t

.............. '..... _. ....... , ,., /., _:. , ...._ . !'_ '_, .,_,_,_.L,_,
This is shorn by the fact that the e(_ _ curve for _"_"I' = _ = _--' .... "" ....'

entirely below the i + b line. _(_m) for KvT = 0.6 has portlons . : ."• ;_ :

above the 1 + b llne, ';" '" " .... " .... - _

The analysis shown yields much more information in addition to :-
• . . " i" r

the maximum value Of a system parameter for a specified overtravel_

.. The following information is als0 available|

.- (I) The time of the first feedback pulse x I as a l%m_i_ of ""...

starting position and a syste_ Parameter. . - .... Ir "

" " " " (2) The time at which 8(_) is a maximum _m as a l%u_ction of , _ " ":

the same l_moter. " - : ..... . .

(5) The distance _e_veem 1 + b and e(_m) indicates the _'

amount by which the system fails to overtravel one q_anf_,

• .. ... .- .,,_ ...... . .......... . .. .:. :, ;:.'.'.: . ...:" . .

- . ' . " ..:.: .... ".:_ ._ - .' . . " -" ......... ,.,i:': _ :._' • ....... .. _, L,' _;,; • ".._: '._ "_:_' ' ". .... - " -. L.:'._, :
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ACCURACY AND _OOTENE_ i-

This chapter will be concerned with the definition of accuracy and

smoothness of the controlled variable in a pulse-data syst_. The s_-

°' " .':.
. . . .

tern considered has a prime mover characterized by_ . ".... .,

• - 8 ... _L: ....

where lira of G' (e) = I. A smoothness criterion will _e developed to ' ' " "
s-pO

evaluate the smoothness of the controlled variable 8(t). The method -- "....
.. , - , 5 .

of translating a desired path into an irq_u% _t) will be defined. - . "

The pulse-data system is capabie of extremely high accuracy. How-

ever, 'its resolution is limited by the quanta size. The original speel- :

fications that describe the desired path that the controlled variable- "

should follow must be transcribed into pulse-data. The patB is expressed :

as a series of one quanta steps. The resulting information is in the

form of a pulse train r(t) _ see figure 4. Each pulse directs the sys- . ....

tern to move one quanta. The time between pulses determines the desired i ..

inStantaneous rate. It will be assumed that the desired path is made . . •

up of a series of straight lines or ramps. Re actual l_ulse.data sys-

tem will not follow the ramp paths exactly because of overtravel and

the lack of resolution between quanta points. However the errors can

be reduced if the translation is carried out in a specific way._.

It is desired to have the controlled variable describe in a ramp

at a rate of I/T r quanta per second. This information can be

tr_cribed .in one of _ro 1_.ys: -...., "" "

-.,:i ::+':':: ;ii.:,:, , _ " :"'"' " -" " "

............. , ......... _1_, 1
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Method Z . . ::- .) _
• j .

The input l_Llses r(t) sta__ as soon as the desired ramp _ to " "

start. Figure 23(a) shows the steady state response for several values : . :2'

of gain Kv with this method. " i I I I • : :. . I . _

Method I_ . ..... " : - ". - -- ,

The inlet pulses r(t) start when the desired ramp has reached a _.. = _ '

height of one quanta (fig. 2S(b)). " . ' :--'

If method I is used the controlled variable starts to change at the

instant that the desired ramp starts (fig. 23(a)). With gain _ = 1/Tr : !"
- . . . . ....

the controlled variable will follow the desired path quite closely. For .1. ll.'. "_ ,

gain Kv • I/T r the controlled variable will lead the desired path by '-" - '.:

one quanta or more. If g_in K_, < I/T r it will lag the desired path. _

If method II is used the controlled variable starts Tr seconds +' +, " i":'"

late. If gain, K v • i/_ the path of the controlled variable oscillates

about the desired path (fig. 2SOb)). For gain K v < i/Tr the controlled

variable lags behind the desired path. . 1 1 " . "

Method II penalizes the pulse-data s_te]_ e_(ee_t whe_ _ > I/T_. "" "

HoweVer. It corresponds to the continuous feedback system where the con- .. , .

trolled variable lags the desired path by an amount determined by K r : I

and the rate.

Since the translator can choose either method it will be assumed " "

•that both methods are applied as fol_

(i) _ Kv > m/Tr _thod r_ is used to transeri_the des_ "....

path into pulse-data.

,_'_.,.._. _.,;, _.:.._-.. ._.. • : ._ ..... .-

-._'/' ?-_ -,,., . . ,.... , •

met,hodIlsuse,L " _ . • .

-. 1••::•,::i. '• .'• ..... "
".,'..._;_i.._/--.,.,......-:,.,,,_.!.:.,.,.:_,_,_._; ......._..- : ,.. _...:::,.
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• Tn this way the accuracy of the pulse-data s_rstem for ramp 4np_,S
.j

of various rates can _e improv'ed. This will be used to compare the .-

response of the adaptive and non_l_iv e l_u_e-_ta systems,. - ....

Figure 23 also illustrates one of the disadvantages of the pulse-

data systeJn. At low input pulse rates it tends to follow a "statrceme". ."--,-

" _ath. The rate of the controlle_ variable is not continuously equa_ . :"_):" - -

. i_:.." ....
to the des_ed rate. The amount of this deviation wi]-I _e indicated -... ... -

by a smoothness criterion. : - • '" • " '. - " .... •

The most co_m_n types of error criteria involve the integration -. . " - .

of error or powers of the error. This tends to smooth or average the -.•,,:- i._.

• The l_roblem involved with the integral criterion is lllustrate_

: for. the mean-square error criterion where " . " - -" • :i r_' _i '

-" " -z j_,l'_ [_(t) ]z at - . ' ....... -"
- .. -. • - Trio .. " -L .

: Figure 24 shows the velocity of a pulse-data _osltlon system with , _ "

oCs) _Is " -..... = at a fixed in_t pulse period Tr.

e_ _ = _./_ w_ _/N <_r _s _s sh_ _- c_t,er _..- . . -.

" KvT r - 1

_ .

22 .....

•_"i_....... " _ -_:' _ '' ,'.' _ ' ";_.' ' ' ' : - ' " - • • ;..: • " ,

• '_''.: '-, " ;_ ..' -. .'._..',_,,;_r__._',;,_',,; '. : ........ _.. ,. .... _ ,, . .... . . - - . . ,_ 1

•Z.....;....,,,,._..,,-.-:_,5k,-.._',,_,,,,-,.......",.'' :....." .-'._.....::--,......"-'-._.........." "" " "":',;c':_":'_'....."'"_:_'.--.."1
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Thus ¸I

_hen

. . .

between the controlled variable velocity and the desired velocity.

-.. .. I= I:! _,t)erl=="

This criterion will be used to evaluate the smoothness'of the "

. . ,. -, . • . ..

:: _ ..... ....... • •_. - :•i•_i : .: i• _: :

• .. • .

varies with Tr for a fixed Kv. I has a maximum value . '."_ .

_r " i:.2:_:..:"............. .: "-.
m

m I

• o

becomes large I becomes small due to the averaging. . ..

effect. • In a machine tool, for ex_._le, a_sl_nse of the t_l_. shown t1_ ":

• . .. }:/. _ i"%
fine 24 would be Just as Serious if Tr was large as it would be for _:

Tr' sma_ .''_ " - • ""
- . - . " : • . _" . .'_'_" °.."

The integral error criteria are useful in systems with random or ''_•

nonperlodic inputs. In the present case a criterion is needed to eval= " - _.-;

uate the smoothness of the steadystate response of a pulse-_ta systeL ..- '_ _

This response is periodic. Thus an error criterion which does not have " -.

the"_ve_ag_"fe,t_ i.use_ _i....i:: ':""i:".-i ....::.

_e possible error or smoothness criterion is the maximum error..•i".•:.:•L : :
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PATH CONTROL SYSTEMS WITH SMOOTHER RESPONSE

One of the reasons that a pulse-data'system is used is that it

possesses high accuracy. Thus at high "4nl_Xt pulse rates it is des:_ra'b_"

to have the position loop gain as high as possible to _inNze the error.

'. At .l°w rates the gain should _e small so that the controlled variable :

will follow the desired path at the desired velocity. The two require- • - . .

merits cannot be met by the pulse-data system with fixed posltl_ loop

gain. ...... ' •.

• There are several solutions that-were investigated. .:

. . •

. G(s)

(z) _ Zoopg=_. co_a_e =_ adapti., _th th_ in_t =a_, X_.

example if G(s) - Kv/s the controlled variable will follow the desired

path if Ev = i/Tr. Thus Kv could be controlled hy I/Tr. . .

(2) Integral plus proportional control could be used. Then

_o_d ha++ the form • " - _.

" G(_)- ._(_s+ Z)
" s2D(s) " .

This system has small steady state errors and is capable of follow-

ing low input pulse rates. However the transient errors are quite

large. The system would be qu/te difficult to stabilize in the presence

of even small amounts Of backlash. Drift problems are accentuated in a

system of this type which increases the possibility of a limit cycle of

small amplitude.

(5) Feed-forward techniques could be used. An analog signal

l_roportional, to the desired rate could be added to the aigital to : -

". : ....... .. . .- ,: ' : ':._," ..... ' _"_: ;!i'.

;,z ---,' ' " ' " • • • "

_ .... :"....':'""' '-_U" ,......_'":'_'.'." '':_.-:'L'::.":__ ,'. _,.:;_.';_.::.--......... ".._-,_,...J.,:,_..:,_.'_.i_,,_,I:,':',_,i_
• " -" )-....._ ': ."_-'_-='"._::,_."-- :-',"_',:,_:_:!_",,!.'_,::-'_::',;,,',_-:._"--'.:"-:. :'...'--".'._.-'_._' "-''-_."_,'!;_:[{;'
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analog converter output e(t). This type of system has large transient

errors. Also slight changes in the analog rate si6nal or the controlled

variable rate would lead periodic pulses in the outpu_ speed. These

pulses would be due to the correction of accumulated position errors,

°

(4) A sampled-data control could "be used with the position feedback "

supplied by an encoder. This is an absolute path control. This system - :_

'.would"be considerably more ex_sive than the _e-_ata system. The "

quanta size would have to be made much smaller than the size used in the .......

pulse-data system to obtain much _nprove_en_ ....... ... "

• " ' C5)The si--e of  e-da  yste= oou be re.ca. ,_

This would have'the effect of reducing Tr for a given desired input i_ii'

rate. At the same controlled variable rate O(t) the '_-c level" a " "

of r(t) would increase providing smoother operation. Thus the system ..

would operate with the same absolute error and the same gain KvT but

the number of quanta error would increase. As was illustrated by the :" '" "
• . J_ " ....

•. describing function in chapter II the pulse-data system approaches a " "

linear system as the error s in quanta increases. This system has the "

disadvantage that the capacity of the bidirectional counter, and digita_ -i _ : .-

to analog converter mus_ be increased. The "fineness" of the _uant_zer --.

must be increase_. Backlash between the _mntizer and the actuator Wl].._ "i . i ._

now increase in importance. As the amount of the backlash approaches ",.....

one quanta in magnitude stability problems can develop. The work in- "

volved in transforming the desired path into a Imlse train r(t)

increases as many more input I_lses are required to move the same

distance.

.... -. _, o I•/ _ , i . _' _. "'_

.. _-_........ ._ .... .-_ ..._:_ ;,,. -'-;_-: .=_;;,:. _,- ..:_.

"'; , !'J_."_il,_* .. _;,,'.,;.:_,!,.:,=,.,_:.._t*._, .... •........... _=.1_,,_,¢, _._ -;_"I i ", ""¢'_'_'_./{': !_'2"_";'_i"_.i "'-'| ;_;,"):_*_'.'"'_'' ;

, , .. ........ . - .,.. ... ...... \ "'- ._..,._ .._..;:':._:,._.,=_._.=t.._....=,=... _,

" '" "' "' :- "' " : '_ • J'_"= "_;!_::-v_cL_': _, .... ' _ .-': • -. :,,%..t,._,,.,.., ,,_| .,:._ , ._. ',." . ;.._, .



The best overall system appears to _e the first one. _is system . .

has the lowest transient error. It will operate reliably in the presence

of large system parameter variations. It is no more succeptable to ....- ", •

drift problems than the basic pulse-data system- The range of smooth ....

operating speed can be larger than any of the other methods with the

• possible exception of the integral control The •cost of the adaptl_ " . i.

control is less than that of any of the other methods. The _da_tYo

system was selected on the basis of these advantages. This method was .

implemented by a system which .is describeA in thenext chapter. :' -."-%' "i

• :.. ..._ . .. '..._.../- ._._.' : _" -....• . .

• _i -: .'_i ..... '- ' ; . .... .i _.. • " " -

..... _ •_.- " • _ ...... _.'__'._"_,_'.,'_ •_"_'.L'•J_,_,_,,!_':;,_._, , :_ _'_" .. _,' -_..-_• " -- _:- _,j_.' ,;_. _ " -_ A.._ •_",_:
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As was discussed in chapter IV the self-adaptive pulse-data system "":._ _'

. . appea_s to be the best overall solution to the problem of low spee4 . " £.i .

-, ..- smoothness and high speed accuracy. The system is shown in block d_a4_z_m "_

form in figure 25. This system was constructed and tested to shov:the " . i '. :

. im;a_vement8 in smoothness. The. o_-"_t ccmslstm of • _m_se-4sta system : " "

as dese.rtbed in chapter :_ and shown in figure 3, In' add_i%Inn there _.s "'" :"

a self-adaptive section. (inside the dotted a_ea) which makes the _ositic_ "

loop gain _roportional to input _ rate. The purpose of this chapter ....

to the i :':::
. , . I.

directed to those :parts not described in cha_ter'_. A detailed d41sea_JL:i_.,,.. , ..
• ...- . .

" tlon of the system is contained in appendix IT. " _' ' " " -: ....

" :Basic Pulse-Data Section ...... " :-," :

The section of the self-adaptive pulse-data system outside the
• : " ' "/" •

dotted lines in figure 2S consists of seven physical subsections whose ::

operation will be descrl_e_ brlefl_. . . " : .

: : S_nehronizer .......

The input _u_ses r(t) enter a Synchronizer (syne, in fig, 2S) " ..

along With the feedback pulses C(t). This circuit_ developed by D. P_ -_

McRitchiel% prevents the Bidirectional Counter (BDC)in fig. 2S) from "

recelvin_ more than one pulse at a time. It is possible that an inlm_

pulse and a "feedback pulse could occur at the same time. If the BI- .......

directional Counter received these two pulses in a time interval which :

was too short it wou._ _s_o_ioz_ The Synchronizer consists of fo_

• ., i ,..., ,.- .- ": • "'' " . '. "''_'_" " " _ .'_ -...'' -. " i .... " '' " |_'--; '_'e_ - ,r

.....-2'.'-_':':.':....::'- " '".". '_' :':_=_, . • "."_:'_-:".'L. _ .".._.''_ ..,'.-':_:_-_::"_;-'_.':."._:-'

.......... • .- . ......... , . ....... ...... , , : _. ,- .... , .... • ,._o.,.:,_,_,_,,_ _.,,.,,,,_,

':;:_"_-'.__'.",-:_J_.:-J'..."T_-_""."::"-:"',:.7';":-"'_.............;::": J _:,: ,5. ::i ..... _;:,:--._:.:.::.::.:_,. J'.':...-.:t'.. ,',:.'...':_::""" _::...-......._-.a...: -'_:i_;'_,i_j_.gi_ki;,;.:j.L .-., . .
.... :"'f':"'_ _':"".................. .': ::2. ' "':'_: " _":: ' ' ....... ;' _';_'"_' ':"" :! .......... : ';':';1 ":'4"_"......... _

• -'-- ' -. ",_ " ._ _ - " - "'t -tu-"'_ "" ' ', -_." .-'' '

": ........ """_" . "..... _,": ...." ........ '::'_'"':"'_'."":T'::_"_','
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sections. _e section for each of the plus and minus _t lines

- o . .- . . :and one for each of the plus and minus feedback l_nes. Whenever a:

pulse is received by the Synchronizer in one of these lines it Isi " " -..

stored. A clock operating at a hlgh rate opens each of the four " _ :

sections in succession allowing the stored pulses to enter the - - '"

Bidirectional Counter at sl_cifledtl_s. "rn this way no two l:_.l_m " " """ "

can enter the Bidirectional Counter simultaneously. The unit does s
• : . . .

however I introduce a delay due to the pulse storage time. In the : "

system constructed this delay is O. 005 sec. •

Bidirectional Counter
" " -

• • " I ! .. | , - - " -' .: . ..

. The Synchronizer output is in one ,f two. lines at any given' " ." :- !--•_ . ..... : •

time. A pulse in one of the lines dlre_ts the Bidlrect_onal Counter :

to count .one bit ups in the other line it directs it to count down. " • _

The interconnections between stages of the Bidirectional Counter " "- - •

determine whether it counts up or down.

"rn each stage these intercom_ections are controlled by two..--

gates. The gates which operate as electronlc swltches are con- - • .. • .

trolled by whether the pulse enters in the ,"up" or the "down" Input

line. When a pulse enters_the appropriate gates are'actlvated for :

a time which is long enough to allow the counter to change state

one _it.

. • .
. .

At the null position the counter is set half full, In this way

it can count up or down by the same amount before it overflows. The

counter capacity is _3 counts. Thls is considerably in excess of
.• - . . .

the maximum system error. _ _ _- "

- ..

. • . . .-. ,..:,, , • = :- . ._ : .. ¥ _ _.'_ , ' .. ._

• .-,,,,_'-',_" /_,.;, ._..;,.., -,,.'. ._" :. , ._" {_- : "_ :" .".L_.:' :" .' '__,,:" _..,.._- ' ":_ ....... . " .' ,

'_':_','s'._ "_ ", "..' ..' . ," ,- -_. "_. ",,/t, "?'.- _; .' ':." ,,;',_- ._';.: ..... " ,. ._' '..'_ _;- _.{' _','._ _. _ ' "; ..... , _ ....
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.... " • '_ " Digital to Aualog. Converter

The state of the Bidirectional Counter is converted to a d-e ..

voltage by the Digital to Analog converter (D/A in fig. 25). The circuit

• ... ' . used is described by Susskind 11. It consists of a ladder network with.

equal current sources each activated by a stage of-the counter. _e

resulting output voltage varies from +!_._0volts to +166 volts with

• - ...+178.volts output when the counter is at nul_ The voltage deviation

from +178 volts is proportional to the count in the counter.

_ • •... Modulator - " . i/•'

The d-c voltage produced by the Digital to Analog converter is

..... modulated, on a 60 cycle per second carrier. The "Signals in the actuator - r"

" " driv_g section are all 60 cycle per second a-e voltages. The Nodulator

(rood. in fig. 25) accomplishes this with an electromechanical chopper. "

The amplitude of the 60 cycle per second a-c voltage is proportional to

. the number of quanta error in the lmlse-data system. This is e(t) in

the system shown in figure 3. This voltage controls the actuator in a

normal pulse-data system. In the adaptive system the magnitude of thiJ "

voltage for a given error is proportl_al to the inl_Ut l_ulse rate. Th:_
:

is accomplished by multiply!rig e(t) by a signal proportional to inlart

rate in the Hultl1_lier (X in ftg_-25). . - . .. -.

. - ~

The signal e(t) or K'e(t)/T r in the adaptive system directs

the Prime Mover (G(s) in fig. 25). A _o phase a-o IS watt servomotor

driven by a push-pull power an_fler is used as the Prime Mover. The

" • " " ' " i,

. " , -

_ ...... . ...... :.......,_-,-._.=,_..,,;r,;rr,il:r.;._;.:•: r .••,._,_ ..... _ _._._,._.. ";_,. •., . __ .... •_,•.• . o._... _',,"_ . _•"
•-_" ": "_..."_'_ "*" !i _',:-'_i_;_ .... • :,:'...._ .._.';.,,_..,",. ".... ..'. _-'. __; L.,".: . : , _ "" _'""
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_xis feedback is used to reduce the time constant between input signaX

and motor spee_ The motor is capable of speeds of up to _0 rim at

no loa_ ..... :

GearBox • .. -

• . .., .:-: • .

The output speed of the motor is geared _owa to the Quantlzer. The

Gear Box is breadboarded on an aluminum plate by means of hangers o:lamped

to the plate to support the gear shafts. The motor turns at 17.5 timem " •

the speed .of the Quantizero : . . _ .' -..::.-:.

- ,.-- Quantlzer " " _ . . " :-.

:.
The controlled variable 0(t) Is measured by the Q_antlze r (fig.:

2S). This is an electromagnetic device which produces two outputs. _e

outputs are modulated on a 45 kilocycle carrier. These two outputs are ......

shown in figure 26(a) for a constant _tizer speed in the plus direc.. ._

tion. Notice that they _re 90° out of phase. Thesesignals are d_mod- " "::

mulated and amplified tO produce two square waves A a_l B (fig. - . -':.. " .:. :

26(b)). Wave B is also inverted to _ro_ce -B (fig. 261b)). Both

-: of the B waves are differentiated to produce the waveforms in figure I" .: j.

"'- ..

26(c). d3/dt an_ -d_/dt are each fed to a gate which is open to • : -

positive pulses when signal A is positive, Thus since the positlv_

-d_/dt pulses occur when A is not positive the output of that gate ' "

which we call the mlnus gate is zero. The _/dt positive pulses

occur when A is positive. Thus the output of that gate Which we ca_

the plus gate is shown in figure 26(d), When the (_uantizer is rotatlo_ -.

in the minus directlnn the waveforms are as showa in figure 27. _e

positive "_B/dt pulses occur when A is positive. Thus _he out]_ , "

.:...... .... , . . ..... .. • • .. . .. • . . .. . - ..... .. .... ;..' ' : ..:_ _, :. _ .,_,.:_.._._,_ -,..

°

. ...'.
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of the minus gate is shown _n 'figure 27'_d).
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occur when A is not positive thus the output of the plus gate is zero,

The values of e(ti where the B output goes from 0 to plus When the '"."

_uantizer is rotating in the plus direction are the quanta points, The .-.

C_Aantizer used produced i00 pulses pe r revolution of %he electromagnetie ."

This completes the description of the basic z_lse-_ta s:mte_ '

Self Adaptive Section

The position loop gain of the basic pulse-data system is controlle_

by the Self-Adaptive Section. This is •accomplished by a Ma_tip_er as ..... _

briefly des_ibed in the Modu_tor des_iption above. The si_lwhi_/."":_"' - :

controls the Multiplier is developed by the Input Rate Sensor (f_, 25 ) l.. _ _ ._,_' " ' '_ "1,. ,,___ .....

Input Rate Sensor . . -_ • :

The Rate Sensor measure_the input pulse rate. It accomplishes thlm

p_rpose by measuring one half the input pulse period, . -_

The circuit requires that twice as many inl_ pulses at one half '_ " "

the period of r(t) are fed to it, This is shown in figure 28. The " 1 ' ;

Pulse input to the rate sensing circuit is denoted by r*(t) (f_

28(a)) for an input to the system of five Z_lses. Thus ten l_(t)

pulses are fed in at a frequency of _/T r pulses/sec. The rate Circuit

produces a square wave from these pulses as shown in figure _-8(b), The

time Tr/_. is measured by a counter and a fixed frequency pulse gen-

erator. The square wave is differentiated to 1_roduce the negative

pulsesshown in figure 28(c) which a_e then fed to the pulse-data

system as the input I_L_es tit).. : , :

," ...... _ ......... " • " .... : ''_ - _ *-k.-::r',__-*_ _ _._'._ .... _,_-,_,_ _ _'_'_.
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There are two counters" used to measure T/2 each with a ten

count capacity. A given counter measures Tr/2 every other cycle of.

"._" .. . "

.. - ..

..- .

• . . - . , . • •

the square wave. The counter state is converted to a d-c voltage.

The counter is a cold cathode tube which is used as a voltage source " " _

in a divider network to accomplish the digital to analog conversion i i_
o.

dlrectly. The d-c voltage conversion is nonlinear so that the voltage"" _..; .

is proportional to input pulse frequency. The d-c signal indicating. i i" ''_'_ ::

pulse frequency at a given time is obtained from the counter which is
• •.'.- .

not counting. Thus the input pulse rate signal is obtained from one .- ..:..• -

counter,then the other to provide a continuous rate signal. In %hls

.,.,.,-__, . way input pulse ra_e is determined contlnuously. .,".....

'" The ten ' _: ' " ' ' :"" "--
•,_,, : • count,,_,aapaelty,_,__ of the counters limits the range over which i- _ .

::' . _Y"V_!/':;'. gain can be change_. - C_in co_d be controlled as a linear. function of " " '"

. :input rate over a ten to one range in ten steps. It was actually con-

trolled over a _ to one range in nine steps 1,ecause of fa_tors in

the digital to analog conversion process in the counters. •

..... ::.." . Multiplier .. -..

• " " The d-c outputvoltage produced by the Rate Sensor CirCuit was then
. - ... . .

used to control the gain of a multigrld vacumn tube. The multigrid tube

then serves as the multiplier (X in fig. 25). In this tube the modu- • •

lated signal e(t) is amplified by an amount depending cm the d-e

slgnal from the _ate Sensor. " -

The resulting gain versus pulse rate relation is shown in figure .

29. Since the counter.,has only nine usable states there are only nine, "

different gains over the range of adaption. _ for example the luput

._, _.._ _b_. _"_, _........ :-_..,:'.._-,., .,,...,. _,_•, : ,-_; ,, . :.,_ ._,_:,,.__.,.,'_.,_/..,_._,,,_..,.,,.._, _.. -,,_,,..;_._.___ ,,,.. ,_..,;.._._._'_., _%_::._.,_,',;'_,...,_..._

°
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pulse rate were 20 pulses/second the count in the rate counters

• • . [

t

would vary from one to two producing an average gain of about Kv -

23/sec. This causes a ripple in the steady state velocity due to _ ".%:_.::"_" "

gain change, It could be reduced by increasing the number of counter 'i . • ..-

states and making the gain-rate relation nonllnea_, The largest amount

of ripple in the gain occurs at the high rates where the frequency of':: 1 _ .;._ _

this ripple would also be high. This ripple does cause an inc._ease in .- '_ "..

• the value of i the smoothness criterion at high rates, " " ...... /'"'i

The pulse-data system described here was tested with and .without " . -. _

the adaptive circuit. The next chapter describes the results." .-_' i:= :112 ._'.'i-ii

/. -: _... ,''1_' ,.?./ ..-' ,: ."_ "_. ........ .. -
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c_ _r_
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The self-adaptlve system described in chapter V was tested as warn

the same syst_ without the adaptive sectlo_ • - :_.....:

The two systems tested _-_ shc_,ntn the form of _the_.tl_ _lel.B -._: .-:" :;.

- o

• ' " _ " of the type described in chapter I (fig. 30). The notation used Im the " "

same as that developed in chapter Y. _ a_tion| " .:'. -
.... . . .. -..

'" R denotes the transfer function of the input rate sen=or. _ "
. . - - , -

e_tacc_s___ _.. an _.._ --_-l'*f+_' "" • " "' " " " " " ' :'•-- "".

- .. : , . -. ""_.. . :'. . .
"II

• . | :; ,, ". j. -,• +sCt-_ _ -- : ....... " "
. , . _ . . . -...-

This is lllustrated in figure 28. It produces two outputs:.. " r(t) _o_ " " '

" ( ) C _,.o) " - "rt = 5t -" "

n=O - -
. . . o . .: - .

...." x,/_ = _te si_ to _ti_= (X ,, _. _0). :

The delay term in the integrator block is due to the synchronizer

as was described in chapter V. . "

The self-adaptive system of figure 30 was converted to the non-

adaptive system by removing the K'/T r signal. This signal was tin-

placed by a fixed voltage. " -
. . . . •

I , . .... _p Inputs " I

An input r[t) of fixed period was fed to the systeJ_ With

type of input the desired output e(t) is a ra_l_ The two method, of

,:,',.,: .:...:!... _ ..,. . . ," ... -,, -.:.... - • ' . .- " . .

_,, _, _._' _J ' :,. _ ......, ,.. ..... . ....... .

'a' : '."- , ' ! . .. :".'"" ::'_:' "- :, "{ i : "_ _" -:, ::,:' .2;'





. ° .

°-- . • . •

: •', ," '.'_,.i .,_. _........ /i:_"_' " ' :"'-
,, H_L': :-i ' _ 'i_-_: "

'chapter _ Were used to specify the desired.out]:)u¢. :.* : ..

j .. • .

_A 15(t nTr) , -.-rC ) " "
' " " - - n-u . i i'_.. . : " " .....

- : . ,. . . . .

-. ......... A=+ 1 ". .... .' "-"

".... :. :.. . . . -, . '.: ........ -.... . . ..
• . ,, _ = - 1 depending on the desired d_rection • .-

........ • _-_se_i_ _ " . • " "

The fo]-lowi_ s_tem variables were recoz_Zed: ....... "

• " ""e(t) = contro_ed-varlable -_osltion i :'" ....• .... .-.- . - " " " ; . --

t) = contro3_led variable rate . .....- .

.... . . . . .. ". . .

r(t)= reference Input " ' . '.." - : - .-- - -

c(t) = feedback'1_Ises i_i-.'"'. :;"' : " " ".......

rateK'u, r _', " st_ :" " .":' " " .. '- ' " • ' ,! ",,,_,- . • ',._.','_'_ ,,._:... , ', _, _.f--'.._..',
/_ ._ ........... _ ,_ ....., ,,.._ .... .

Figures 51 and 52 show the response of both systems to .an inlet " : ...... " _

rate of 5. 2 quanta _ second. The values of the system _arameters are:

_,= zose@'_1 " "" " - "

K'Kv/T r " 5 seo "I - " " -. " " "

T = 0.0125 see

i_= 0.zs

The desired path of 8(t) is also shown. _lis path is based on

the assumptions of chapter IIl. The adaptive system not only has a

smoother response but it follows the desired path with better accuracy.

The smoothness criterion Tields

- I1-

!adaptive " 0.85

I_,,,,adaptive - 10.5 . , . " '
B_

_- ,:_...:_:.-_.,.. :' .-_. ._-. .-..., _ : ,; _,..'.,--,_.:: :.-_:.__ - , . _ ,-. ,_. ,

........ • ; " ..... _ -*"- " - ._; " -.--":÷, : ..... -_ -7-,C,'. _. '_" '/ _ "__'_: ':' _ _" 'l_;'_" 7','"': " "" _ " " "" ' ":'" x

' " ' " "' ........... _'*" ; .... _ .... .'--_.,_' .",,_"_' _ ,'._P,'_ _ --_-,>_ .... _,_+ _ •_" _ " " ;-._:,! _'. - I" I
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Trla_ularWave ,

A triangular wave is representative of the type of input which

would be applied to a pulse-data path control with linear interpolatlon.

The response to this type of signal provides some insight into the

• . +• . • :

• ... +. ,

. .'.

transient behavior. This form of input aiso illustrates the saoothnese. • "

Iu these records r(t) _as the following for_ ' '." -'

" 7" . : , .:., .... .+ ++ "".. • _: " " '. + - . .A 5Ct2 A 8 It;" Cn ) +'' - -. :: :- .-

• . L . .. .

Where A and Tr are defined as before. - _- "

This form of r(t) instructs the system to foll_.a triangular

wave path as shown. " " + " -
• - .. . . • o,., - .

. - . . - . + . + .

Figures 33 and 34 showthe adaptive and nonada_tive response to a

- . . .-.

triangular wave at an input rate of 3.2 quanta per second. The values _ '

of the system l_zrameters are: • +-

I_. = 30 see "_

see'" 'K' = 3.5 " : "

T = 0.012,5 see . " "

.C; = 0.3: - "
".. - +

Both responses are within one quanta of the desired response. The .

adaptive response is much smoother with I = 1 compared with I =]0.6

for the nonadaptlve response. The flatting of the triangular wave Is

due to the quantized nature of the feedback. " -

A triangular wave at an input rate of 5. 5 quanta per second is

• . . • ". . , , + _ -
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• i 'I.L "' "

X'_./Tr' - 8 ._

T - O. 0125 see
. . . .

" " _-0.5

-. : ...._ "- • :." .

• . . .

The adaptive response is much smoother than the nonadaptive response. -

The adaptive gain is not quite low enou@h since the controlled variable '

stops Occasionally. The rate counter counts one more clock imlse fl_I '.'..

time to time which causes the rate signal K'/T r to decrease as shown_ .

The value of I = _. 2 for the non@daptive response comlmres to I - 1

for the adaptive response.
. -. - _

' The response to :a-tri_uguiar wave at an input rate of I_. 5 quanta -'. ....... ,

• : per secon d is shown in fiEure_.37 and 38. '. ,'",' 'eL ,_'_ 'f: ';. ": ' '"',",i',',_'.

', .. . . _ sYst..e_.:]_erameter "Val_I_s are, .._:: '}...<'! ..:i/'./'.'_.'_,".">_,,.'.'.;:• . ' ,....:-I*,_.'_i.i!
• ,: - • " .'. . .",; ,., I,_,_.:, .... ." :- _.. • - " .' . -' , "_ '.'-_.:_' "_1..! _ . ': .. .",'. '..'''

":::,:-. " ' :, :,..: : i" :>,....

•"': . :?..•.... : .5seo'1': " ":i"." '
T - 0.0125 sec - :..- . ... .

.- . • .

. I;.-_" .. : .........: .- .

A_ain the adaptive system has smooth_ relxmse. - ' " "

Y,.a_laptiv a - 0.56 "- - " ' : "

•.. . Inona_.iv a._ - i -

The _rove_t is not as great as that _h_ in fi_es _i I_
. . o

for two reasons. _ ..

(i) The damping ratio' 0f" the prime mover transfer function is "

greater. This reduces the overshoot in velocity 8(t) _ud increases

the rise time. However this also necessitates reducing _v to I_in- '

ted, u sta_ilAtyo ......... _ . " '_" ,-,': t- ..._ ,. , • ,..

_",: -_:_" "."_.!:,". . ".,"....._ ._"_?:-,:.. -:.... " . ....,,., "'._;'._",,:-.:2. . '.,,:,-.,..:-:-. ,
-;:..,. _ ,-_- :,_., :'-'." .x',-'._..,':-',.',_"-t'""._,.,'. _._- _=._¢r,,/._;_'_,'li_ " ".': ,. " _ ,. -_..'" :,_'_ "'_., '_ "I' "'- ;,',, _;.i." " ,',".',:',. .'.., .,

• . ..... _., .. .; . .. ....... ?.... :.., . .... ._ _. , ...... . ,.-. _, ." .. !,.?-,... ,_ - ....... _; '.._:_ : ?....','. :_ .'

-" ....... - ......... .'"",_''.: ",*."' *-',_," ' :. ,J . ..-'_'",:,v: ,,..t.>._,_,_ ' [, _: -. " ..... "..,: _" • ,.................. •_-_.-,4. ..... ..... .,,-_'..,.-. ./" :'-"'_,v"' _":'_:" ;>-,'_,'_ _" - . " "'_,'*,:_'". ..... '",'_'_'">*'.'_)' ",'-'-"# :, ' .... *
' . : _ -,.. _.'. . :1:-,..-¢...':_ _. ,.- -:-._,'_ _.,, ._ ., .._,,..t.. T._..b,:'_,,..,, _,,,- f. i, ._o,_...t.ll,//,:. $;j .._. .t1..'i,_....',¢, . y .. .:-_.. ,; ,

-"'_ ....... -_". .... '_'_ _¢" ...... _- ' ¢*._" 7' '_-:"_.',_,._:_ri ;_'_-_- -'_ "." ' " ' '_'"_" ":'"LC" :'" " _;" _'"'";'_':" ':_'_" " ' ' ''';"
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(2) The rate of the input pulses is greater than in the oth_ •

records. As 1/T r approaches _ the errors in rate diminish8 _ - ;

the improvement obtained by making .. I_ = I/T r _.m.1.1_shos.- . _ . .....
. : : . . • .

'" " Ch_ge in Rate ' '" " .'" ..
• . . • .

: The most difficult input for the adaptive system to rel_u_e li a " - '. "
. • . .

.. . . .- . ....

change in rate. The system mas_ measure the rate and change the gain _ :: ,.. :

obtain smooth operation. The transient during the period of rate meas- '" "

urement and gain change is of interest. - : " --

A change of input rate from 27.5. quanta per' second to 3._ quanta ' . :"

.- . per second is the maximum which can Occur in the adaptive range. " ;"., --' "

" Figure 39 shows this transition. The values of the system _ _

• . . _ : -

eters are:. - " ...... '_...,, ..: . . ...._ ....

• xv . 2s _eo'_ .'_i _': ' . " "

• ': """" " x'_./_, = 3.ss_'X _ '! "

T- 0.0125 seo

The rate sensing circuit requires one pAlse period to measuxe the

rate. The output from the counters is not switched until one-half l_Llse

period later. This is done to prevent timi_ problems in the counting

process. As a result the gain is not changed until one-half pulse

period after the first pulse at the new rate has been receive_ This

is evident in figure 39. There is some advantage to this in the tranJl-"

tion from fast to slow rates. If the gain were changed as soon as the

rate cha_ed the system would have to be bro_ht .to the lover rate at a

. . . • .

..-/ ,_, :.... - ,., . . _. _. _'. . _ .- , • ,_ ._. .... ,_. ..
- k - . . " •

, _ .. - . . .... ",. ..... ',':_.,_,,: ;'.., ,_ ,:,-,,_ ... . , . ,....

;',_ !..__' .,l;:'_'J,_.i'._IL <"'i, _'':_ ":> '' "_ '_ " ';:'""_"_'_,i _'_:'''''''_':;_'''.:' " _'(_'_':':_'::!'_" ' "_"°'_" "'_,"_'_'Z"_; ''''_.''' )
,. ;, ":I )'_ :_"-')")_,' " _., -,. ,_ ,,,, /_{_ =_ ,;,_ , _, :_:,.;, , _,.,,,,_.:.r_._,_..,_)_,_ .... .,-. ...... .. ,i:,_,_i, _. %. '_,'_." " %_r,,-rr",_*':, , '
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• • - . .... " _"' _ +, _ _ '.,_'..i,,

lower position loop gain. This delay in the gain change does cause a +':_

flat spot in the response since the first slow rate input pulse Is . . .-.......- ...- <.

execute_ at high gain. • •

At the transition from a slow input rate tO a fast r_,te the dell".:, i "%-. 11"
:- :;- . i. .

in the gain change causes a slightly larger initial error. At wors_ j" ;_.,.'..-".-.!.-

.. - .

this error Is equlvalent to a delay in O(s) of 5Tr/2. The amotmt.of-.., "_?_""_ ""<

the error would depen_ on the difference in rates an& the system ' .. " ,..-,-_,._

_Y_a_CS. .. ; .
- ., . . . . ! + +_ _, . .': • :

...... _mmr_ ............. +o.
- . . . -f ° .+" • . "°. +

The self-adaptive s_stem definitely has smoother response at iow'i_ ,".+.- ....

input pulse rates than the nonadaptive syst_ Figure 40 shows the _ Y'"",'.,',._ Jl
• . - - • .. ",;., - ._ °.,..

value of+ . - - _ .+ .. .

"  It)'+I ......
• %• +

This is shown for the self-adaptlve and the nonadaptlve pulse-data sys-: "..+i'

terns at several input pulse rates. As was illustrate_ in figures _I to .

38 the improvement at lower pulse rates is much greater than that at .. [ "

higher rates. The amount of improvement depends on the value of _v "" " ; ._; .;

and the form of OCs). If _ is large and O(s) does not Contain ........

large time constants the Improvament is great. If K_ is small an_. " .: .

or G(s) has large time constants _the improvement will not _e as

great. This is due to the larger velocity errors and the smoothing

action o_' O(s).

The theoretical values for I

These are calculated in appendix I.

system would be zero if Kv = I/Tr.

are also shown in figure 40.

The values of I for the adaptive

However because of variations in

* ++ ++1 + . _ . #1 1" " . + " " " [ + _ ' + _ " 11 4 " J " I ; j " " + ' _ ...... #_ " ' 1+ k " : _ A " "

_....: - . • • + +,.+ +._ ,,++_,,. -+., _.+ +++,_++p! p ;: ;'+':.,_'; +j.. _+'; ,.+ . +.,+++, _.+ .... :. _ . ,,. ,:. _:.,+, +"" j_-, + -j -; -., +.+; ....

,p+- +.+.,, + • • +. _+ .... +:j., .. , ++ ..... , .+ ., + .... .+: _ ...... .•++:, • -•,,.+, ..... . _.+•. ..... _+-.+,. +......................... +.......,:o.................... ++ ............. -_
...... 5• +.....+' i';+ ;5 + +_-++j;," ;, "-+ [.- , ..... ..... L, • +.......... .,++. _,;.+...+ +
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i_icti_ and prime mover l_ram_ter variations the actual Values are

- . . -" . . -
h_gher.- .

Yn any practi_l pulse-data system O(s) will have • time constants .

as small as possible. This will insure that K v can 1_e made large so

that the velocity error will _e small at high rates. _ In this case the

• . "_ . . .

self-adaptive control euchi_its very substantial Iml_rov_ts in the : -.
J • . . . . .- . - .

L_
at_

• . .. : -....

respon=e to :Lu_ut s rates. ..: . 1 • . i . • : - i-. _ ","-.. 1 1 .' :" . : ". :_ ._n""" : ;: 1

• •. . . - . ,',': • : .: ._ . . : .." .:_ -" ;. ". •
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CONCl;JSIONS AND AREAS OF _NJRE WORK

The self-adaptive system described in this thesis has the advantage " -;

• . . • . . - . , .

.- ....... •- . . . • I
.... " ..... . .

.-. -. ... ,,.

• • . - . . ,. - ._ . - , . . .

of digital accuracy with analog smoothness of operation. The low speed, , .

smoothness has been improved without impairin_ the-accur_cyt. ,. 1 . • . .. ,1

Methods for the analysis and synthesis of pulse-data systems'are - ":

developed here. The methods are applied to the design of an actual -..,:-- -". "i
isys_, - : . - .

(i) The time response of a pulse-data system may be obtained usi_ ' "" '_.

the convolution integral. This can be done graphically or could be per-:_ - "

formed on a digital._ -_e°m_u_'- - " - " :- - - . •:
• , _ - . . :, . - - ._ . _ •

(2) An exact method to de_rmlne the critical value Of one system .. .

parameter is developed, This is based on the system response to a - - "

single input pulse. The method determines the critical parameter val_ '."__ "

for which the "e_or"- e(t) does not change slgn_ - : " "

Existing methods are also used in the analysis to present a "syn-- -

thesis program" for use in the design of pulse-data systems.
-. -_:

There are several areas of future work which could prove fruitful. . .-..
. ..

(I) Statistical control theory might be applied to this type of .-

system. The process of quantization has been handled by statistical :

methods,perhaps some Of these methods could be appl/ed here. ..1- .

(2) The self-adaptive method used here might be applied to a relay

servomechanism. This would improve its response to ramp inputs and .

still preserve the simplicity and quick response ohtaine& on this type .....

of systes_ . . : . . . .

d
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• . . -'.

• . . -'...:

, L0 ,..

" _ . i • •. . . r , . . . . .•-.'- .

(3) The optimum time to exercise the change in gain used in the • .-

adaptive control m_ght be investigated_ For example the input pu.l_s " "

rlt) might Be delayed in time while the rate was _elng measured, The

gain change could then be made as soon as the rate changed, The c_ .._•

might be made instantly when the rate change was slow to fast, A delay

could be included when the change was fast to slow to permit reducing . : . -

the system velocity at high gain, The time _constant .of the gain c_ -. -

could also be controlle_- Some combination of these methods might im-

prove the response still mare, " .. _ ' . .° , ..

(4) Stabilization methods to increase loop gain are of _ut_est, " -

The nonlinear methods applled in relay servomechanisms might _e used to .....

improve the open loop gain at high speeds, -If linear compensation were

used the graphical method of determining the critical _arameter value

for no reversal of e(t) could _ used. ,_ -- .

(S) Other system pars_eters might be controlled in additlon to the . _ =

loop gain to provide adaptive control, For example the damping ratio . .

of G(s) might also be controlled as a function of input 'rate. _

. °

• . - • -. •

• . . L o . • . k., • .
. ..._

• ... , . L.

• L

• • ." , .L - .

. . . ...

.°.

• . . . . .

. ." . _ .

_: "iI i• -_.i_:i!
q,. • ° .... , . . •.
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APPENDIX I

DESIGN OF AN ADAPTIVE I:'JLSE-DATA SYSTEM

• ".. -...•

: - . - •

-.. .. -..

°.

This section will illustrate the application of the methods ,, . ..... -

described in chapter If. The analysis cons_s of the following parts: .. ....
.. . ....... : .

I. Prime mover and gearbox seiection. .. ._ . ,-": • . -. " :..,.

2. Prime mover transfer functlon. " " ' " •'..... " . ! • ' -'- "-- .

/ " "3, Sy.thesls of p,ase-data politlon looi,'ga ; .. , .. i:,.. :- .... '.:

4. Steady state response. " . 2

. S. High speed errors; '"" " "' _

6. Step input response. °.... - " . ""_/' "

" 7. Adaptive range; " " " : " ' "_ " :. "

8. Errors When input pulse rate changes in the adaptive control. "... -.

9. Ripple due to adaptive gain quantization. " " . :-_- :

Prime Mover and Gear Box Selection
• •

It is desired to design and construct a pulse-data system to ' _ " '

illustrate the advantages of the adaptive control. This leads to the _"

following requirements for the prime mover and gear box:

(a) The prime mover .power level can be small •but:the methods of. . -. '. "

" " " data handling must be applicable %0 high: power systems.

(b) The major time constants of the prime mover transfer function .

musl: be small.

(c) Backlash between the prime mover and the quantizer must be as

small as possible. The effects of backlash are quite serious in " ""

this type of syste_ If it is not carefully controlled it may

" obscure the test results.- _ ." - -'

c _ 'f (,_;;: 7_" " t_ ...... ?_)_ ,,_:,,_"-_ _-"-,'.,_i: ': .,t!_'.: )t'_'_i'":"'_'_'_'_'=":";_ ' ',t i_.i_,, _:" ._._': _ .,:.',' ,*_
., t. -__'D _i • ,_-_: ;[.._' ? _-._b_'_:-_ : . -., -• t:_, - •,.:• ;. .... -..._•'#- .l_'.',_._.,:._#:F: :_-:,..,: -','7._.t" _'l

- ' t _l" t - " 41 "" • . -- _" _-- _.& _ I,l_ • i_,• .... i..•_ _i.. "+ _. l. ll._ _ .ll ...... I•.i_...:..,., _•i _ii'-_i.l I- ll/ii_iDi _,:'..
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(d) A position transducer is to be coupled tothe quantizer. Any

system transients should be confined to the linear range of this ._.

. • . • . . •

transducerwhich is plus or minus 60°. . • h".. "'_' "

A 60 cycle per second ac voltage carrier was selected as the"sl_aZ .i_ii:/-

medium in the prime mover section of the system. An a-c voltage is " ".... :. i

easier to amplify without drift than- are d-c voltages. Alternating cur-

rent is readily available. A signal of this form can control a prime '., _ '.'_-i "-

mover of nearly any power level and type. This method does have the .. •.

disadvantage that it is difficult to compensate a carrier syst_ H_-:. I_' "

ever,by choosing the prime m_ver carefully _d employing tachometer, i: i i,i

," • • ... ," . . . -

feedback it is hoped that compensation will not be required. " " -. ' " -

A prime mover power level of 15 watts appears to be optimum in this

application. Thls provides a stall torque of one ib-ln which can be

easily handled by instrument-type gear trains. Higher power levels would

require specfal gear trains. Lower power levels would be more sensitive "

to gearing friction. ' " " -

An a-c two phase servomotor possesses _the most desirable character- ...... _"

istics for this application. There is no brush friction. There are no

pulsations due to armature voltage ripple which can occur with d-c

servomotors powered by rectifiers. A motor with a coupled a-c tachometer

was selected so that the prime mover time constants could be reduced by .

velocity feedback.

A breadboard-type gear box was used to couple the quantizer and

position transducer to the prime mover. The overall ratio of the gear

box was selected in the following manner.

- ., . . .

- = ..
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(a) Backlash had to _e less them 0.i quanta. The quantlzer had i00 _, -._:..

quaata points per revolution. ThUS backlash had to _e less %has :

0-56 ° reflected to the quantizer end. This is less than most "

precision instrument gear trains. The number of meshes should

therefore he a minimum. . . • _ . _ ...... :" ......

(b) The position transducer linear range of 120 ° detez-,.Ined the mlm-.i ::i..:

imum gea_ ratio. At top speed the velocity constant of a coQ- -

tinuous system would be 12 sec "I or better. .At"$600 revolutlonJ ....:-..,:

per minute the motor would lag 5 revolutions "behind. Thus the

120 ° of transducer rotation should equal at least. 5 motor -

revolutions. " - -_ ...i..." - '. ; ' _; "

5 gear ratio • -. _'; " : ' '

A gear box of tl_ee meshes 2:1, 2.5:1, and 3.5:1 " _' " "constructed."was

• This provided an overall ratio of 17.5:1. The measured backlash at the .....

quantizer end of the train was O.16°. : . .

- Prime Mover Transfer 3_nctln. .. -:i .

...... _. _: The two phase servomotor and amplifier can be represented _y a , .......

.- transfer function of the following form: - - -- +. "

= scums_:ll(_, + 11 - -

where e'(s) is the Laplace transform of the voltage input to the prime '

mover amplifier. Tm is due to the motor and load inertia and the slope

of the motor torque-speed curves. TL is due to the motor reactances.

In order to reduce Tm and TL a velocity loop was closed around ........

the motor. This produces an overall transfer function:

_',_ _:_:"':" r :;:;'_'_.,':'.'. :;.o:'...... - ..... ' .'_ ........ .-. ," :;.: ' ::;:.'.::.; ".'"" _': .. -..:'---" : " ;"._- ". :'_J.;";";-.-,;._,_".S ._.,_--_.--',

-_ .- ..... ..._, . _ .... _ . ;:,.,.:.. .. .:_,_.s:r,_ ,._:;.,.}..,..:,., , ,, .... ;,,_,..;,¢,,_, _. "-;';"":"'.'t'f
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s(TZs 2 + 2_Ts + 1) - . " ....

where eCs) is the digltal to analog converter output whose units are

• .. : ...
p

quanta,

The synchronizer circuit introduced a delay of O. 005 See. This - " "
. - . - . -

delay will be included in the overall transfer functlon.

im ,

(T2s 2 + 2_Ts + 1)s -.... : ..... ", 'r"-2.,, ;.:

Figure 41 shows the prime mover velocity response to a chan_ of :- "

-.. . .

e(t) of one quanta. The values of T and _ from figure 41 are| - -

T -'0.0i25 seconC.s - . " . . . _ " - • - "

- ., .- ,,% .j , ; . . .. ,,. , .. ,

- O.S ...................... ,
• - ,'. ,\ _; .. " - . . /:" .4,,',..:",. ,:/,,.

Th"ls is the minimum value of T which can be ob%a"lned with this'"/.,': ..__ ,! _./

system- Further increases in velocity feedback gai_ did not materlall_ '"_i... _"""

improve the value of T but did reduce _. Since T is close to the - ".... '

j- - -

carrier period further reductions of T could only be accomplished :...-.

by increasing carrier frequency.

Same testing was performed with slightly different 'velocity loop

gains._his resulted in values of _ from O. 25 to L O.

Synthesis of Pulse-Data Position Loop Gs_-

In both the adaptive and nonadaptive systems it is _esirable to

have the response as smooth as possible at all rates. Thus it is

. desirable to have the output of the digital to analog converter e(t) : "

as smooth as possible. This will he accomplished if K v is selected

such that e(t) does not reverse sign for a single input pulse.

. , .,: . .• •

"-,_°'""-_" _.. ,._.,_. : : _ : ,.;.,"'_,..'_.."J" ....... '_ i.&o_,,,,J,_,h: ",", "*\_-_ _ _,,_._ ,%,,, .,...- .......... . -,--' _,.:._ A_A .---,_..,;_'_ .,.._j_:.;_,_., -,.._,,-.,_,_..._,__
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r-;,.'_',,,,;,_',._..._,_,,..,.,,..,._"'_':_..: ' " ..,j'- . _" i, .'":, .-':: ,;: ;-_-._. " . -/,.. .
• , L'_,_ _ _...., . :." " _',-. ....... _'" _ _-" ; -_ ' _" " " ' _ " ....... _" .... " ......... ""-""_'_',-_," "_," -"_-_-





.: . - . .

. .'-'. .

", . . : .

. - °." , •

. . .. ..o -. • , -

Chapter II presented a graphical metho_ for determining the

critical value of a parameter for a controlled variable overtravel _ .-

of one quanta.. ...... " .....

Since the prime mover has complex poies in its transfer rune- " " "

tion the method for case Ii mus_ be used_ " / /. ..-.

• • - ". . . . -- .I • -- : .. . - . - - ;....

• " -- mm ]_ "_ "• "o( .° . :_• s) • _-o._s
.. - •. sLs_+ o.6s+ li'._ "_ : ....... ..:"

f=

-Where t = TT = 0.0125_. Thls makes the prime mover euuatioms " . ' : .- .-. "
• . ,.. -" ..

dimensionless in time.

_a) The response to a unit step qu(V)/KvT is plotted versue .-: '. _ • -

- time" ". " . • in figure 42. -

(_) The value of Vl, the time at which the first quanta pont
. , , .

is passed# is plotted versus b the distance fr_ the ini ....

"' tialposition to the first quanta point (fig. 45). This _ _ . ..-.-.

•.. plotted for various values of KvT. " __ '" : " . " • _'i-" '-.

"'- (e) Figure 44 shows- vm the time at which qu(,)-qu(_-_l)U(,_l) . - .... -

is a maximum versus _I" This Is determined by plotting q(_). -..

- . - . . . . . . . . . . .

the impulse response of G(s). A second plot of q(_) is- .- . ... "

shifted by , = "1 '_'d the time where q(,) ,., q(,-,1)uC,.,_').... : .':. .

.o .. • . .

Cd) Also plotted in fi6nl_e 44 is e(,ml/KvT where : ....: ..'" " "
- , . - . ..

%('c,.) -%(.,-.rl)uC_m..,_) = o(.,m). _s curveis for_d _

selecting a value of _i0 this yields Tm from figure 44.

. .- Then figure 42 produces a Value of O(Tm)/KvT by subtractlng-

the ordinates of qu(_)_T at x " Vl and at _ = vm. _

(e) Then using the relations plotted in figures 45 an_ 44 t fig-

ure
45 may be develope& This is a plo_ of O(vm) versus _. A " "

" " ' :' " / ..'r /'- ,' ,..,, ,:

, _ ,.-,...,/:_../" : .,._ ...... ,. _ ..... . , • . .. . -.: : ,..,.,_ -;.,,j:: -.. ,.. :: ..... ---_: .,.,.. _.-. .........

:'_,_ " : ," <-,'. ",-" ,_'./_ _.':'* '_ ;_'F _" _'_'' -';'""" '_" "'!'-_"_ '.'', '"'•"'. _" ""'_ .... ."" , - " . , " ' " "" "u .'" '""'"
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Figure 45. - Time of passing the first quanta poin¢

• " _i versus distance to first quanta _oint b,
• . •, . • ..

• . . "', .. . ".. .

• .. - .

.... ;-: ,. i. '. .,
• . - . . . . . . - . . , . . ,
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Figure 44. - Time of maximum, overtravel _m and maximum t_vel

e(_m)/KvT versus time of passing first, quanta l_o_nt _1" • ".... :

. - ."

• . : . . , -?. _,,,_:_.,,,_._."..,_,-_-,_,".:,_,;_,

• • ,,_ / ._ ..''_ _.t ,_ ",_,_' "_ ,. _,i _-' _ _' " ,......... ? ': _"
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value of

of T1 is found from figure 45. For this value of _i figurt

44 supplies 0(_m)_vT which when multiplied by KvT yields

8(_ m) for the specified EvT and b. I + b is also plotted

in figure 45. Then the requirement for an overtravel of one ..,

JL

--. : _ . . . ., -. • .
• . . . -. , _

m

m

KvT is selected, Then for each value of. b a valui - "
. . ...

. . . . : ..,

q taorZ.,is. : : ::/: . .. :: :: ..::.:-.
. - . . -.

'- . " e'_,=__o'<l:":: ......... -" "--" " .... :.

: The Y_T = 0.45 curve is tangent to the 1+.b line and lles'..'.. _:. : "

below it for all values of b. Thus this is the critical val_. ""'

i

no reversal of e(_) when a single input pu_e is "- -Therefore for

" .. • .,- _ _ - .. .'-- . .:.:
-: '_:.' - applied

-.'...... _ ...... -. :_,: :. /., / ...'": - .... _ "I'!':_ _.'" ";:-
,,_. . ..... . .. i_;".."!,: ",,._ - /l..,._r.._:c: :. -.

_'._!'_:!_;;'_:'__. ,:_.. _ "_"Y_T< 0.45 ,.... _ __,,: :. . _ , ,_ _..

The curves shown in figure 45 also indicate that th_ maximum ove_- ....'.:',_.:-

KyT - 0.45 occurs at b = •0.45. This is illustrate_ in :'_:::travel for

figure 46 where the system response with KvT - 0.45 is plotted for _

three values of b. The response for b = 0. 5 overtravels more than

the others. For b = 0.2 the overtravel is 0.98 quanta. When h - 0.9 :

the overtravel of 8(T) is 0.9 quanta. At b = 0.5 it ove_ravela one .- .

quanta. Since T - O. 0125 sec the critical value of Kv is_ " _ : ..

- • _r " 37.S see' 1 : :

A value lower than this is selected to .make sure-that there will_

be no overtravel with variations An the system parameters, The value,,, ..

" -. " .,.. i.!' ;
se__c_._-+-,' is: -.. ..... I

.- N. "-s°'se.°" l " " . ' :. .....

. , .. ., .. _ . ..._ . . ..,, .._::... ..... ._.,:.: ::_ ..

• . _.,_:._.< ..? -.._ _ _-._._ ....... . _.,... ,..... _,_,,_..,, ,_ ...... _.o._.._..*.,,:_, ,_...,-.. -..,,_-.:,.,_.__; 3_ _;.;.;>_,,,_,
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Steady StateResponse

:. - :.

e(t) - b +£B m are noted by using
0

with qu(_) in the _sioas around

.;,,.:;._ . ., . ; ..- _. , _, -- . ... . , :,.' ,

tlon is plotted. The points where

the paper strip to convolve e(t-_)

the quanta points.

In order to predict the low speed .moothness of the pulse-Rata '

system an analysis of the steady state response Was performed. The

input r(t) is assu_ed to Consist of a train of pulses of fixed :period:

Tr. The deviations of the controlled variable velocity from the desired -

value will then provide a measure of smoothness. The smoothness for & '

given value of system gain KvT will be worst at low rates.

The steady state Laplace transform method outlinedin chapter IX +

will not work for the system to be constructed. This is due to the " "

transport lag. The steady state solution for controlled variable veloc-

ity 8ss (t) is the difference between the total solution over the first ....
. o

period and the transient solution for the first period. Both of these

solutions are zero at t = 0 since both Laplace transforms involve . . - : .

e"0"45 in the numerator. Thus the total solution must be zero at time ....."

zero according to this method. However at high input pulse rates the ""

output rate cannot be zero at the time of an input pulse. This does

not correspond to the actual velocity as determined by graphical methods." "

The graphical method outlined in chapter II employing the eonvolu-- ........

tlon integral is used to obtain the steady state response. "

(a) The system is started fromrest with an input pulse train Of. " . " " "

period Tr starting at t - O. The solution for 8(t) is plotted as

was outlined in ehnpter II. However_ only the straight line approxima- "
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(b) This process is continued until

Then Av the time

This specifies" e(t)

eCt)

as noted by a constant time between feddback pulses,

from an input pulse to a feedback pulse Is noted,

in the _teady state, . -"

(c) Then a paper strip is marked with

state conditions, The sign of r(-v) and

r(-_) and c(-,) for steady- _ -._..

cO-'r) pulses are noted. _ i_ : ' : ..

impulse response q(t) is also plotted- The steady state velocity Can ' .... .-

then be plotted versus t, The paper strip is. located under the abscissa _ •-.;-

- . • j

of q(t) so that the • = 0 point on the strip is located opposite a

value of t at .whlch the transients of q(t)i have died out, The steady '".' ::_•i!_

state velocity can then be plotted point by point by adding algebraicall_ ' _ =

the ordinates of q(t) which occur above c(-_) and r(-_) pulse s,

The method is applied to the system with an input p_Llse period •_ :i - : :..,_.

T r = 0,074 sec, _ In order to use dimensionless plots Tr and Av are . .

normalized by dividing them by T the prime mover time constant,: This ; : :

defines two dlmensionless numbers. _ - . . " " " '_ :

__ d"r .... :
T m _ "5"92 "_r'=°_ " " - ....

Then:

.Vhere:

• " , • , .

G(s) ,,

Figure 47 Shows how

mation to unit step response

s(sz + 0.6s + i)

KvT - 0. 575

is determined.

%ssCT)

• °

• , ,- . • .

reaches the steady sCate " : "

• _..: ._..

The straight line approxi-

and the correction qut(_) are ........

plotted first, Using the correction ordinates %he exact response near
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- 120 -

.sCT) = i is determine&. This _elds Tfo

• . ' • L.

-.... . • •

o

.i ....

the tlme of the first

feedback pulse. At thls time the straight line approximation starts " _

to change due %o the feedback pulse. At • = 4.7 the approximatlon, i"-' " : " "

slope becomes zero. At • - 5.92 a second input pulse Is recieved. .

e(_) is also plotted to indicate when equilibrium is reached. %Then . " - "

e(T) becomes periodic the response has reached the steady Stat_'e_].- _ " '

the width of e(_) is equal to _. The paper strip Is shown In "the _

proper orientation for determining 8(T) at _ = 20.6, The plus . :i ....""

marks indicate input pulses. The minus marks denote feedback pulses. . ; .

. The ordinates of qut(T) above these marks are added according to the

signs to produce the correction to the approximate path. In this " " - """

case the correction is minus 0. 25 quanta. Thus this distance Is su_- "

tracted from the straight llne approximation-to" yield a value i . • " • . _

8(V) = 4. The quanta point is assumed to be located at 8(') = 4 so _ i

a feedback pulse is received at • - 20.2. This construction yields -..:..°

a value of _ = 2. 66. " " _ "-
....... ° . - .

Now the response 0(It) over one cycle can be plotted and differ-. .

entiated to produce _(_). The method used will be the one describe_

in part (e) above. Figure 48 illustrates the method for _ = 5.92. .... _..........

A paper strip is made with a zero point arbitrarily located, q(_) is "

plotted. The zero point on the strip determines the location of

8ss(T), the steady state velocity s on the paper. Starting from some-

where to the left Of the zero point plus marks are made _ = 5. 9 _-= v

units apart moving to the left. Since = - 2.66 a minus mark is made

2.66= lr units to the left of every plus mark. _e strip is then

placed parallel to the T axis with one of the plus marks opposite the

.... i',-- _''" " '" " .... _ .... " ' " ' "

" _ i:,. ".L' : :';. U." ......... .;'"_- "

•...: ......,.: ,..._. .-i ."-' " ': " :""' : : ...." ........

.... -.- "" " ' ;"' "_' _,_."_ : ",' - _'.: :"":.1 "!..- _c*' _a'_'-:_''_'Z_';_'_ `_:. ..... "'_<_' ...;/.'c-.:.-" " - .'...--

-. ._ _- - .:.. . . ........ .,.¢..: ..: ;'; -._ . ,._s,_¢_._,;....,,._ . , ...

............. . _. .. .... - ..... _._, .',_'." . . ..... ".:.:'. j... • .....



°
:+

-_.:. _L+_, ' ,,_..+ .
i+

VS', f'," " ': " ..... , _ • . .. •k_

;, : ..... ?-_ " ." _ , .... "- 12I +"

• , .

. , °.." - . " ";
• +-+.

•"_ i._i.':: ::::,,



.......... , .... _ -. . .... . .... . . . • .

- . .. : : ...
B _

E_

..

T = 0 abscissa. The first plus mark to the left "of the zero mark

- . - •-

should be opposite an ordinate of q(_) which has reached the steady : "" " " - •

state. Now the ordinates of q(_) above the sup are added accord- .. .. ".

ing to the sign adjacent to the mark on the strip_ The sum ylelds

the value of _ss(_) at the time of an input pulse. The. strip is
.=

i.

moved to the righ_ and the process is continued until 8ss(T) Is

determined over one input pulse period_ The strip is shown in fig- .- : "

ure 48 located to determine ess(T) at T - 21.5 ;:c.-;i..j (no_ the "

time scale for 8ss(V) is arbitrary in its locatlon). The ordinates - •

above the plus marks are added with a pair of dividers those above

the minus marks are subtracted to produce Oss(_)_ It is sometimes _- :_;_..i.,_/;,;;,_'/

' " " ._:,_" '_ . "_"_ 'I. ".,.'_,>'_,_,'".-'

useful to note' the ordinates in 'i_:Lrsj "one " ' ........... '/...._ _ ......plus and the other minus..7 ,..,';'! :.,_-:._,.

. The difference in ordinates is then £he"net contributlon of the two; ." " "" _" _"'

In this way the plus .mark at • - 19.4 and the minus mark at " " ° " '

v = .16, 74 for the strip location shown produce no net contribution,

In order to evaluate the smoothness of the steady state resp0nse " "

the criterion developed in chapter llI will now _e used, - - - "

. . : - .

• . I = Ii- 0ss(T) Trlma x . . . .. ""

The maximum and minimum values of 0ss (T) are determined and "

applied to this relation. For _T = 0,575 _ - 5.9Z figure 48 shows:

_ss(_),,_ = -l_. o _ta/se,,.;,_-

z - I - - • ..

Note that it is only necessary to determine the maximum and minimum " .,--"

values-of essCv) to evalunte L .......... " ..... _............ I*'I . "

• - " - " - _ ": . ._".'.'_%- _..._ ....... _4, .. . "'-"' " _"'.'-' " _" - .....

• .: _ .: ..... ;.-. . • . _ .._.:._..-_:...-__.;. _-..._,-_;._;,_..,_,._, _- _.,,-.._.-_'-,,
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The process outlined above was carried out for several values : • " "

of Tr ata fixed loop gain.E v = 30 sec "I. The resulting _alues : .: . " "

of I were determined. .... '

Figure 49 shows the values of I versus the input pulse rate - . - ....

I/T r. As would be expected I is large for low input pulse rates - • . _

and becomes smaller as the .pulse rate approaches Kv = I/Tr_ Thus " " ' ""

at a fixed position loop gain the errors in the steady state velocity _ i.:_ _ -.
: " ' - . " " . . • - . " - . ..-- : " ." :. ...":..:.- : .

become large at low rates. The output smoothness deteriorates very l - - -':- :'.

" rapidly for, low input pulse rates. The adaptive pulse,data system - " "-

will improve the smoothness at these low input pulse rates.- "" i- :. :i-_....

"i...,,-.: ,.'l. ,t: , __ _ . ". " :" - " - . .. - " ," _ • -
.. _;,:_:/,p. : High Speed Errors. - : " _ - " • .

. i .',_ ; -l, "_ order to check the errors which occur at high input pulse :" ..... ':" -"' :: _ '
• : , _.1,_

• rates: the .graphical techniques of chapter II are ai_lte_ .... _i- .. "-. :..--".'

i!An input of a finite number of l_lses at a fixed frequency was - . : ... ::.: ,. i'

a_Liecl. Where: '" " " .. . " '- • " .- ..... .
I

_5 [ .nTr_- . ..... :

• . • . "." . .
. L : •

Tr O: 00,_2 . 0._56 as p ....... "
T O. 0.12.5 ....

-. . .

• This corresponds to a serv0motor speed of 5_80 rI_- ._eord:l.z_ ". : . ...

to the' relation develope_ in chapter i'_= ...... : '. " "

• . . . . -. -- .-- .; . -.. :...:.-.-.: . -.... , .

- ".... - A_r "=I_':'." aTr "' " ' '" ...."-

T_ this case Kv - 50 seo-_ Tr = O.0052_aue= - . -. - . :" "

• a = 10 _anta .. :

The expected steady state error should _e ten quanta. However,

I

• , .............. .:-:_;" _:.:"_ .._ .., .: . .,. . ._,-_,........... _...... ..,. _ • _.:.. ... ....

•-" .:_".... .. :'_"_; : ;:'.'_:-._";. "." :." ::_.,,..,"-',, .......'_', ::.'.:'i:::_._':/i/: '.'";:":.".. -" .:r:.....--.:'",;;_'; :
•:i:'"."_'; _,_ ..... , _::-.",,'; ........_.."__''_-_";',,:--"_*;)'" ..... r'_,':_._'-'_,...... _..... :,,_"-_ _,_.:.-_'=-_-,-_ ......._-._": ..... ,,_;,;,_,_._..

../ ,,."_ -.: .. . _/ _.',' _i,;- ./ .._.-.'..._ "J'. ..... .;.-. - _:'-': _-__' ','_,, -. ..-;'-; ;_; .,._._.1;',_ ;-_- '. ,..._ _.._.;, ._,.j_:i°,_.. ;

• ,. .. .... .. ,.. ...... .,, , ..!..,.- , . - ,_, ,.., , ,, _;:... .... ,.-...,, ,_.,--- -.,:_.t,
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if the input pulses are programed as outlined in chapter III for the

case where l_v > Trl the steady state variation from the desi_ "-

path should only be nine quanta. . . : _._': ;_ . • . ...
• " ,.. •

Figure 50 shows the starting and stopping transient. The max ....

Imum deviation from the desired path is ten quanta. This occurs at . " .:'"".

T - 4. In the steady state the error does approach nlne quanta_ '. • _ .:
.... . . . . ..

The overshoot at stopping is 0.9 quanta. ' .... "....

: Since this is very close to the maximum prime mover rate_ _en _i._.i. *"i_: !:'i:/'_'_
• . .. .:"

quanta is about the maximum error which can occur during a r_ - - . :,. "

input.

In this way the maximum required capacity of the bidlrectlonal -"_- " _:_'

counter can be specified. In view of the above analysis a counter _J:'"_i':i _ : -

capacity Of plus or minus 15 quanta should be satisfactory. • : : _• ._-: '. '
....... ..'•• ,. .

The transients in the ramp have substantially ceased after the " "',":.

....... total displacement is 33 quanta or 1/3 of a revolution of' the quan-i, i__ _.'.: '

tizer. Since the displacement transducer linear range is 120 ° this ' "-"!_-i" _

verifies that the gear ratio should be satisfactory from that

standpoint.

Step InPut Response

The pulse-data path control does not normally receive pulses at

a rate faster than it canexecute. Thus Tr the input pulse perio_

is never'less than the period of the quantizer output c(t) when the

motor is operating at top speed. This minimum period is O. 003 seo.-

Thus a step input cannot occur during normal operation.

However the Bidirectional counter might malfunction dueto a

short power failure or. some other disturbance. Then a sudden change

in the digital •to analog converter output e(t) coul_ occur. This

WouI_ produce a step input- "...........

"_• . " _:': '•:"" _ ":: _" ..... ._,'"_," h:::'_ . ,:_.. _.'I_ ;" _',_ _''._'_"-,_ _,,..'r,_,:',_,_'_-_._'_,.._._,._'_*:._._.;.--._'_,_:i_.,,_._

.-.'*' ,,. , . . , _- . .',:- , : .,_,_ _ ,,,, . ;_ :'. , -' _ ,.
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In order to insure that the system will not be unstable in thiS'-." .-."/ ..-. " _ ..

situation its response to a step input is determined- The graphical '

construction employing the convolution integral is used_ As outlined in

chapter II the system must start at rest so that the step is applie_ am.

an insts_taneous change in . e(t) equal to the amount of the SteI_ In "

the graphical construction this amounts to weighting the initial mark "..

on the paper strip an amount proportional tO the step, The _itial . . ' "

- . . -

slope of the straight line approximation is also weighted_ . ...... • .+ ..... "+

Figure 51 shows the resulting response for four and eight quanta _+

steps, In the case of the eight quanta steps the initial mark on the

paper strip has a weight of eight. The ordinate of the correction curve.

qut(_) above this mark is multiplied by eight. The initial slope of ....
. + • ....

the straight line approximation has eight times the value it would have -

•if only one input pulse was received, . , .-. .

• . ..+

The resulting response is quite oscillatory but stable, Thus if ...

possible any short duration disturbances which might cause e(t) to

change suddenly by more than one quanta should be avoided+ if they do

occur they will no_ cause instability_ however, -.

Adaptive Ran6e -.

The counters to be used in the rate circuit had a ten count capac-

ity. For reasons mentioned in chapter V the useful range was nine

counts, This means that adaptive control can _e exereise_ over a 9:1

range of input rates. - "

Theoretically smoothness would be perfect when _ +- 1/T r. The

value of I in this case would be zero, In an actual system smalX

+ " +k < . 4 i + @ - . _'M +.+ + . I . + ,1 , + k . . , _ + _ + .4'' +;j'< + + _ ...... _ "_ " , , p ' ' + " . . _r _, "

• ,. . + , : _ , +_, ............. . ,+ ._+ • • ..p.++'.mm,+ _t'.,+, ...... , J+'--" +... + "',+ ,.,+. + _- , ".Z+._.+ ++ •

'1+,+,+:1 : i..11. L, "+:.,1-- p+ " .... + . . " + " ...... : . " " _ i 1_+1_ ;1 : _ " " e " . " % , + + " . _ " + + _ ":e _ 11 :' +_+_+ --

..... . .., .+, - :. .... _..,+., - .... _
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distur_uces due to _tction.chenges and variations

ideal value of I dlfficult to achieve. :

It was decided to start the adaptive region near I/T r - _ . SO

in gaLu make this

quanta/sec. At this point the ideal value of I would be zero. A_ve
o

this input pulse rate the gain Kv would be fixed at 30 see "l. Below

this pulse rate the gain would be decreased linearly with _input rate. -

The minimum value woul_ occur at approximately 3. S quanta/see.

In order to evaluate the improvement in smoothness for a given

reduction in lOOp gain Kv, I was plotted versus Kv for an input l_lee

rate of 3.2 quanta per second. The method described in section 4 of thll

part of the appendix was used to obtain the theoretical values of L _:i

Figure 52 shows the/resultin_ _ // : , _ ;_i'r_lation. The value of l_lecreases as

the loop gain decreases until the loop gain is = 6 se¢'lo There is ".ii_ •

not much further improvement until _ = 3. 2 sec "I. This is due to the

velocity transient of the prime mover. When Ev > 3.2 sec "I the con-

trolled variable velocity becomes negative during part of the steady _'

state riod in t es. When <3.2sec'lthl. ii
occur. In fact the controlled variable velocity never _ecomes zero in

the stea_y state. When Ev - 3.2 sec "l the steady state value of I

is zero since there is no ripple.

Figure 52 indicates that making _v the loop gain decrease with

decreasing input pulse rate definitely improves smoothness. The in_i-

cared gain at an input pulse rate of 3.2 quanta _er second is abou_

3-3.2 se@ "l " " •
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Errors When Rate Changes In The Ad_Dtive Control

+ , -+ _

•.- . -..

,+, .

The adaptive control measures the input pulse period+ It then con- -

trols the loop gain -Kv to make it proportional to the input pulse rate- "

over a nine to one range of rates. When the system-is operating at a ::". "

high rate then suddenly changes to a low rate errors can occur. The .. . + "

adaptive process can be made instantaneous relative to the prime mover .-

dynamics. However it takes a finite t:l.me to measure the rate change p' .-. -• .:.- .i.

which could allow errors to occur. . . • : :

Figure 55 shows the system response for a change in rate from 27.5- - : . .-

quanta per s@cond to 5.2 quanta per second. This covers the entire '" :.,.::..

adaptive range of the systemL The response was obtained by assuming :,-+'."'.-:.-." :+

that the velocity at 27.5 quanta per second was constant and 0(t) +i.£_ : ..-_.+ +
• .• :..,:_ +_..+ ,

followed the ideal path. This is not exact but vet nearly correct.-+ r-.. '.i: :

: ••• " G(s) = KvTe'O'4s -• ; • • :" + ••-'_: " '•" ' ' " "
• -_ _ + s(s2+. O.6s + 1_ .... '_ +,

,_e: ._.... " - - ,: •- .. , .,. ,:

KyT 0.575.at 27.5 quanta per second.- : " .+ _ \+ -

-- = O. 0575 at 5.2 quanta per second.-

Errors of up to i. 6 quanta occur because the first "slow" input + :

pulses are executed at high gain. The input rate change is not detected " " "

by the rate circuit until T = 28. The gain change. _'s accomplished at -' -

= 40. These errors are not excessive although some improvement migh_

be obtained if the gain were changed as soon as the rate change was

detected. This would eliminate the second high gain response and bring

the system to the correct rate sooner. This was not done here because

there would be timing problems. _ •...... . ,I
°

...... -m+._+". _+.. ,. ". " '_:
=_- ,-.-._+_--+-,-.---'_+.-+,_.+ ++.-p• z " ".+ ...+ ..... + "--_++_ ...... _.. _,+,++,•+,,l<l.,.,_. ,.=,,,•+.'_+ ',•,._,,, ..j,'+ _,. +.,._,_+,_ .,,l.._+ ,..+. +.+ _,

• ' '_..... + " -- " '' "'"' +'+""_' ....... +' '."_++++;" _-+_•'_+"_+++'"_."_+'+_"+_+•,, _":. _+ ,+..'-.+_+,_++i."+_,+.._+:,;+,•'.+_',-

+.. •. • • . .,_,,+..•.._ . + + _+:++._ +:,_+,+:++." +-+ ,,.-..-
... . _ . +,+ ...... . .++ +._.+ ..... _ . .
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When the input pulse rate changes from a low rate to a high one " -
• . . . -. . .

errors can also occur. However in this case only the first pulse at the '

high rate is executed at the wrong gain. At worst this introduces a

delay of one and a half times the faster pulse period in the exec_i_ ' ._

of the first high rate pulse. " - _

. Ripple Due to Ad_tive Gain _ulntization

• The adaptive control changes the loop gain Kv over a i0: l range ..

in nine steps. The rate circuit m_asures the inl_ut _ulse period by ......

counting the number of clock pulses which occur during one half this " "

period. The count in the counters and hence the gain will be constant

for a constant input pulse period only when this period is an inter: ,:-- -

number of clock periods. At low input pulse rates the gain does not _

change much 1)etween-two counter states: However a chs_e of from one

clock period to two clock periods is a input pulse rate _ha_e of 2: i. ='
e.

The gain also changes by about a factor of two. Thus there is a ._z'_e. ., "L...-.

range of input pulse rates which will not have constant gain. For . '

example the maximu_ loop gain is Kv = 50 sec "l at 27.5 quanta/sec and " /........

" above. At 13.75 quanta/sec the gain is Kv - 15 sec-!. If the inl3ut .........

pulse rate is 20. 6 quanta/sec the counters will altern-tely count one

and two cloak pulses. Thus the gain will change fr_ 50 sec "I to 15 ....

. ,- .

sec "I in a periodic manner. The c_unters are switched in time hal_y" : '. _ "_

between two input pulses. Whenever the gain changes it has the effect _ /

of doubling or halving e(t) the digital to analog converter output.

The response can he plotted using the graphical method _y plotti_ " '......

e(x) at the same time as _(v). Whenever the gain changes it has the _



.. -..

... , .

. . . •,

same effect as a feedback or input pulse_ without the 0.005 sec

delay. Since the gain change is exercised on the modulator output s "

see figure 50, there is no delay. In order to plot the response .

under these conditions qu(V) and qu(V + 0.4) u(v • 0.4) are "

plotted with Kv = 15 seo -I. A paper strip is used with the input ./_,_ ,: _'.

pulse times Trn marked and the time when the gain changes also _. .... ' .."i.:""_i-

marked. When e(v) changes due to an input or a feedback pulse the. - ...... :

magnitude of the mark is weighted with a value of one or two depend- ". - " :".

- . . , •3

ing on the gain at that instant. These marks are used with qu(T) '

" .r -

to obtain 8(v), the controlled variable response. In addition s when . i ""

e(v) changes due to a gain change the mark has a value one or two _ : : "'z .":"_ r

depending on e(_). The gain change marks are used with the " " " '""

qu(_ + O._)u(T + 0.4) curve since no delay is involved. Figure 54 ". ." ...

shows the steady state respons e 8ss(T) and e(T) the digital to : : '-:.':_''_''.".":':

analog converter output. The response has a period _-/Tr instes_1

of I/T r because of the periodic gain change. This gain ripple ....

makes the velocity deviations at this rate worse than they were - ;

without adaptive control. The value of I, the smoothness factor_ " ....

is 1.55 compared with I = 0. 9 without adaptive control. However_

the 6ain ripple is largest at the rate shown in the example. X_wer

rates are not effected seriously. There is a substantial improve-

ment in smoothness over the entire speed range in spite of the

_ain ripple.

• . ...... ,4 • "
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DETAIIL_ SELF-ADAPTIVE SYST_4 DESCRIPTION ""

The purpose of this sections %0 'describe the self-adaptive pulse-;

data system which was constructed. This description is to be in enough

detail to permit futu_ researchers to reproduce all or part of the

system. . " - / . -.

Most of the electronic circuits are composed of combinations of - :_-" "

pluE-in units. Several types of units were used. In the case of these

circuits the following method of descrlption is used.

(I) A logical diagram of each Of the circuits is Shown. The plug-

in units are represented symbol/call_o. The type of unit'is:not_,by_a

J.. _ . . number of the form Z90000_ which is 'an Engin_red _ .._ " I!'..'., .Electronics Cmmmanv. _. " •...

.... , :,_ ,,.. _. • .. , ! ,.- .. , , _ ..... ?_..., _ _ ..... ! ,_ _,,_' : .._ - ..

• . ,_ part number, or a letter deslgnation.; The signal connectlons are ' =':,,

numbered referring to the pin connections on the plug-in unit, All . ." "

elements external to the plug-in units are shown.

(_) Each plug-in is shown in detail in a separate schematic. The

" " bias Voltages and plate voltages are noted in the plug-in descriptio_ _ : . • •

This method of representation tends to highlight the function of

each circuit element. The circuit can be easily constructed from the " :

logic diagram and the plug-in description.

Figure 55 shows the symbols used to represent the plug-in units;

" (a) Flip-Flop. This element has two stable states. When a pulse . .

is received at the "R" input it goes into the reset state. A pulse

at the "S" input sends it into the set state. If a _ is received

at the "T" input the flip-flop changes state. "

• . :_, " .,-, -: ..... ' ._;_ ......... "-_ .., L-

." :," .... _;-. ;_'_."_:'."._ '. < = " • _, :. ". _'.'-" L..' .... -." .'"" -, , .:"..., " _I>[. "
.... ".-.'< ." ".'_._ .'."._-.,_!*._,_'_.- " ",-.." . _ - • "_:" :_"_'-_-r. "= _ ' ..,, "._.." : :'", :, " '-., "." _., "" _', U..
.' "".... ,....... '.... "'] "." " " "" '" . '. _" "_ ;_ , L-""'-" _, : ':-,' .... - ,;'.,. _ "" ' '_ "" "' "" . ;'._

'. ,."""; ".'" _'.'"_ _.'_'.,;-"\_'-:,_"_-",':.':'_"_.."rv _.,_;'_',_.#_-_ t.'."_._..:_ ... : :_ "_" _ ' ,_': ";'" ' '.":'. :
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_. - . • .. ..... ; ._,:- ".- ,, .

C " -..... i:

-..

AInput Output B

"_d" gate
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Figure 55. - Logical element symbolsA -
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(b) Free-Running Multlvlbrator. This Is an oscillator which

produces a square wave of fixed frequency. "" '

(C) One Shot. A one shot goes into the set state when an In_t

L

pulse Is received. It stayB in the set state for a period of time

determined by capacitor c. After this period of time it returns to

the reset state. " " . "

(d) "And" Gate. In the _'and" gate there is no connection from ''; " "'

input to output unless a specified signal appears at the controL "- - " "" "

If the control signal is present then the input pulses pass through " " -. . L:

inverted, to the outputs. "..- ._ -.

(e) Dual Inverter. This element has two separate sections. "

Each section inverts the polarity of its respective input pulse.

(f) Squaring Circuit. The squaring circuit reduces the rise -: .... _ i.

- and fall time of an input signal. Thus it "squares_'. the input :
. . . • . •. °

wavefozln.. -

(g) Analog Gate. The analog gate operates in the same manner

as the "and" gate. However the input and output are d-c voltages.

A photograph of the complete self-adaptlve pulse-data system

circuitry is shown in figure 56. The system consists of several"

sections: •

(I) Input rate sensing and adaptive section. " .

(2) Synchronizer.

(3) Bidirectional counter.

(4) Digital to analog converter. .....

(5) Modulator.

(6) Prime mover amplifier. -

(7) Quantizer circuit. -- -

• : :'. '_-, _ .. ,..,: ": .... .,... ,, .,,;';.: :.-_: _._:.L-::.. "- -.' .;j _l,"_l_.: " ,,_ ' '°. . , . ........ _.._,:,_
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These sections are described in detail in the

• . '. ..:..

• . . . .

_,_._ or _l' i. :_ -'-

appendix_ The relationship of these sections is shown, schematical_

in figure 25. : _ ,,

.Input Rate Sensin_ and Adaptive Section -

This section has three subsectionml ..

Ca_Cont.---o_,

(b) counter

(c) Blender and multiplier

" . .'_ , - .j

The control subsection is shown in figure $7. The input r*(_)

Which has twice the desired frequency is connected to the "T" input of

a flip-flop. The output of the flip-flop is a squarewave whose period

is the desired period of the input to the pulse-data system rot). The " _ " "

square wave is differential and fed to the synchronizer by either the up :.

or down gate. The positive-going portion of the square wave opens an

"and" gate. The input of the gate is the output of a 53 cycle per sec-

ond free-runnlng nn,ltivibrator. The gate output is then a burst of

_es e_l in n=,_er to 26.5 _, Theb_sta or pu_es _ al_to_ .i

gated to one of two counters. These gates are controlled by a second, .-.

flip-flop which is triggered at its "T" input by the first flip-flol_ " " "

This flip-flop resets the counter which is to receive the burst of

pulses. It also supplies a trigger signal to the blender circuit.

There are two identical counters in the counting subsection.

Figure 58 shows one of these counters. The counter uses a _old cathode

bidirectional decade counter tube similar to a Sylvania 84,76. _;e

reset pulse from the flip-flop in the control subsection makes cathode

:,,'_ ,, .. . . • .; - ._ ., . . _ • " . ".. . -, ........ . ................... =. .

• ...,, _ ........ • __=.", _ _ : " -,,.. _"_j-_ ..... : :.,..-='.,, r,:,_,,-,,._/_: .... "_._;. . ",_ . _,.,_,,_,_;. , '_ ._'_::,_',_ ,
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number i become more negative than the rest. This causes _a glow to

Jump. to this cathode. Each of the pulses in the burst -from the gate. in .....
.-

the control subsection sets the one shot. The one shot activates two -

sets of guide cathodes s n_mber, ii and 12 t in succession. This ,,_ves • • - :_

the glow one cathode to the right for each pulsein the burst. When . _ . "-.

the' burst i_ over the counter remains at the last catho_ until it Is / :.'

reset. The tube drop is constant so that the O. _7 meg plate resistor s

the 68K cathode resistor, and several resistors in series_ de ndln_ on - /- .

which cathode is conducting, serve as a divider. The d-c voltage across " "

the 0. 25 mfd capacitor then depends on which cathode is conducting. The • _ -

resistors between the bottom end of the 6_ i_a_ode resistors are :'

weighted. The 'vaiues are .'chosen so thatth_ output voltage change is

proportional to i_nput pulse frequency. The IOK bias potentiometer is: .. .

set so that the voltage across the O. 25 mfd capacitor always operates _-

the analog gates in their linear range. The bases of the number 1 and " "

I0 cathode resistors are tied together so that there is no change in

output for one orzero pulses in the burst. This is done •because the

presence of no pulses in the burst could indicate _n input pulse period

of I/_-6.5 sec or less. Instead of defining a definite input frequeneyp

a zero count defines a whole range of frequencies. Then the input

frequency indicated by a count of one bears no fixed relation to that

defined by a count of zero. _Is amblgu_ty was removed by eliminating

the difference between a one and a zero count,

Figure 59 shows the blender and multiplier subsection. " The outpu_

of each of the counters is fed to an analog gate. The gates are opened"

--.-_ ...... ,, ,_ , . - "... "-'_. , ...... . • ,', " : ". , ' . i "" " _ _" '":')i, " ,-., )' - l • " , -

_,. ._'. '_ _i., ,, _ _,.:, ;., " ."'' i " .

. _. v.,.ij, ..... _ ,. ;''_ . -, " • --" "x 9 I,.. . " ;'" _ ' #:" ' ;X _'"_'" . . ... ". i"_'. .; .,:_ i, .. j. .,! ,, : :'. ..._. _.,

_-.t'l-?l_-, t_..i ,." .... _.. r,_,.,_- ".- . _ ..-_I_:__._,'. ",_%It.D.J _,_..,,. t,._,., c-.l ,,k. I. * _.,_l_l_-,.l:- '_. _,_._,,..._l ''_4 _'l, _ _"_'7 _ " '_" ";"" _'"'" ,_"_'< "
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alternately by the flip-flop which is driven by the flip-flop Ill.the

control subsection. The analog gate connected to the counter which .

is not counting a pulse burst is the gate which is open at any in-.

stant. The voltage across the 0.5 meg potentiometer is zero for

zero or one count in the counter. It decreases to -8 Volts at nine

: . ..-

Counts, The 0. 5 meg potentiometer is set for the desired amotnlt .Of "'. .:

. . . . . . - - . ' •

gain reduction at nlue counts. This voltage I fed to grid r.t_aber 31 .. :.' :: • •

controls the gain of the 5915 tube. The modulator Output is fed to •

.

grid number i. The a-c voltage on the plate is then proportional to

input pulse rate for a given modulator output.

No provision has been made in this circuit for input pulse

rates lower than 3.2 pulses/sec. At rates lower than this the court- -" . •

ters will not measure T r correctly. This could be remedied by in-. :; :_; i .-

creasing counter capacity or limiting the number of clock pulse8 in -
. ". - .

a burst to nine.. - : "

" " ' S_chronizer " " " " .

The synchronizer developed by D, R. McRitchie I0 is composed of a

Clock pulse generator and four identical memory and gating cha_uels.

The clock pulse generator and one channel are shown in figure

60. A free-rumling multivibrator drives two flip-flops at their "T"

inputs. This produces one positive pulse every two periods of the

free-running multivibrator from _each output of the two flip-flops.

The four resulting pulses are spaced equally in time and n_e are . "

coincident with any others. Each of the four memory and gating -

channels is activated by one of these four I_AlSes* - ....

- .- .- : .; . : : i " "" .; _. " _ .... : '_

• :: : " . : .- ' J !" _',_.'i
, . ~ ...... ...

• " " " .... ' ':. "!' ]:_ '"" '_i_:."
• .- -, ..... ._ . - • . . ' . . ... . . . '. ...... , . .: ,. -_,_ ,. :,,J _ ,;

" " ...."°'"::'-_'_":_ ":'''_:"_:_""_i"_"_;:_:";.....' :"..... " "r":' "_ _'_(''_'_i':,"_I_ "

....... . ., ...... • : ., ,, ,. ! '. . _, •
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Figure 60. - Synchronizer; clock pulse generator an_
one¢_nne_ _
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The memory chezmel number three is shown. The _t pulees _.l :'"

come from the plus output Of the quantizer. The other channels are

connected to the minus output of the quantlzer and the plus and _um

gate outputs on the rate sensing control subsection. The input

is shaped by the squaring circuit _u_ sets the flip-flop. 'The fli_-

flop opens the "and" gate. When a pulse is produced by the clod l_tlJe .

generator at the gate input it passes through the gate. The gate out_i ' -. -

is shaped and fed to the bidirectional counter. It is also used tO ":-

reset the flip-flop. In this way one pulse is delivered to the bldirec=

ti_nal counter for each input pulse. The pulse is delivered at the tim : .

when that channel receives a pulse from the clock l_ulse generator. 0_i-:./i: ""

one channel at a time gets a pulse from the generator. This prevents

pulses from entering the bidirectional counter simultemeousl_, . .: ..

If a pulse _nters a memory channel Just after a clock pulse has . " _- : "

been fed to that channel it will be delayed. The maximum delay is equal. " -

to twice the free-runuing multivibrator period. In this ease that is .... "

O. 005 sec. .

Bidirectional Counter " '_

A seven stage binary counter designed by D. R. McRitchie I0 is used. ""

The stages are identical so only the first two stages and the up an_

down controls will be shown in figure 61,

The reference or feedback pulses from the synchronizer are in-

vetted and set one. of two one shots. Each one shot controls a string

of "and" gates_ _e gate at the input to each stage. If the inl_u_

comes in on the up line the left one shot opens _che left strlng of _ates

: .."

.- . .
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Figure 6L - First two stages of bidirectional counter.. "
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for 50 microseconds. Now if one of the flip-flops changes from the "

set state to the reset state, as a consequence of the input pulsep a

carry pulse will be fed to the next stage. If the_input pulse enters ..:

the down line the right one shot opens the right gates. Now whenever

, - j" .

one of the fllp-flops changes from the reset to the set state a borrow

,_ U_
pulse is fed to the next stage. The input pulse is always fef to the " J

first stage flip-flop. This stage Changes state regardless of the .// '

counting direction. The one shots remain set longenough for,the i- _':._;"

counter to change stage as a consequence of the input pulse.. Both one - :_ ,.-.

Shots are never set simultaneously. The synchronizer insures that the. . , -

,., ime spacing of the input pulses is long enough to prevent this -and _ (.L i-i

. _,_:allowfor one shot recovery. :, - , ...... , : ....,,,,._.:_ , j.,._-..._

. : . All flip-flops are reset when the lineconnecting pin 8'/to'!'-2o0 '_ i: _ '.-_

volts is opened. - --. ". . • " -_'"
_

e_

. _. -.

Pin I0 of each fllp-flop_except the one in the last sta_e_is d-e

coupled to the grid of a digital to analog converter stage. Pin 9 of

the last stage is connected to its corresponding converter stage. In - ,

this way the hi#directional counter appears to be half full to the

d/gital to analog converter when it is reset. This l_mits the digital

to analog converter to convert the state of the counter to a linearly _ ....

varying d-e voltage over a +65 count range on either side of the reset

state. "- " "

,.., .

Digital to Analo_ Converter _._'.i_

This circuit is shown in figure 62. The grid of each of the triodes

is d-c couple_ to a flip-flop output in one of the counter stages.

i

_,.... .4, _ _, :•..,_-'..-,-., .'..... _ _ .. ....... ,•,._.-_......... -.._ ...... ,,,.,..o_,._....,,_ ..'.... ._.•:• ,_,_. (_,. ,,_...
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When the flip-flop is in the set state the triode is conducting_

otherwise it is cut off. The triode connected to the R 6 stage is

conducting when that stage is in the reset state as discussed in

the bidirectional counter description .

-., ,

-. . " .

-J;. ,.

Modulator

The d-c output of the digital to analog converter is modulate_

on a 60 cycle per second carrier (fig. 65). A C. P. Clare ana Com-

pany type HGS 1004 Mercury-Wetted Contact Chopper is used. The sig-

.- • . .

q

7- " i

• .,.•

• "..... , ;.

• . - ._ . :_

Each triode acts as a current source feeding the ladder network : -.
• • • .• . ..

composed of 18K and 5GK resistors. The d-c voltage deviation" from " /_:':/. i" ::.;.

-- . . , .

+178 volts appearing at the plate of the last stage of the converter " " " -_.,

is proportional tO the Count in the counter. '_- ". ". "'-" " " " °: .......

The IN58 diodes prevent the cathodes from becoming negative. -

This permits the triodes to be cut off with small signals which pro .... -,_'i :/.

vides positive action. The 2SK potentiometers permit adjustment of r . ,:

the current supplied by each stage to the ladder. This allows the

use of resistors of ±5 percent tolerance. Two watt resistors should _ ,_ _ _ _:,-:

. . .-_ .

be used to minimize temperature effects. 5814A tubes are used for .° ./ ]_ .-

reliability and their consistent characteristics. ..... _ _ "

• • .. , , .

hal from the digital to analog converter is connected to the wiper Of "

the chopper, The two chopper contacts are connected to the ends Of :

the primary of a center-tapped transformer. The center-tap is con-

nected to a potentiometer which is adjusted fo_ +178 volts.

The chopper coil is excited by a 60 cps voltage.. This causes

the wiper to apply the digital to analog converter output alternately.

• 'i-':/] • "i;' _ " ' " .' , " " "" : ..... " - "_ ." " ...... _" _ .... " _" .... _"-' .......

. :. , ,'. _ . . _- . _ _ - . . . . ,
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to opposite ends of the transformer prima_y. The voltage across the

primary is proportional to the count in the bidirectional counter

and is a-c with a 60 cps frequency. This voltage is filtered and

amplified. The output is then an a-c voltage whose amplitude and

. _ .. _. ., ••:

. . •, • . . .

phase are dependent cn the state of the bidirectional counter. This " ':_ .A

voltage is fed to the multiplier in the adaptive circuit. " " :: . .

The phase of the a-c voltage output is adjusted by varying _he - " "" ""-

g.gK resistor in the chopper coil circuit. The servo loop gain _v "
-/ . • .° •

is adjusted by the 100K potentlometer. ..... I-

A small a-c signal is fed to the grid ofthe triode to cor'_et ...- ._

for errors in the null of the servomotor tachometer. The IX poten-. _" .

tiometers are adjusted to supply the correct amount of correction._/ , " '' _

- Prim_ Mover Amplifier ..-. .

i '..i.i. ° _ " "

....... i_"" " The a-c servomotor has a fixed ii0 volts a-c winding and a ........ .

variable voltage control winding. The voltage on the control winding ---'_ -;

determines the motor speed. Its phase determines the motor direction

of rotation. The control winding is supplied by a pair of 8L5 tubes "

in_push-pull. This winding is a high impedance center-tapped winding
• 5" ' -

for operation directly from the tubes. This eliminates the need for -

an output transformer. •

Figure 8_ shows the amplifier developed by C. C. Crabs. The

phase of the a-c signal from the tachometer is adjusted by the net- ..

work shown. T_lefeedback gain is controlled by the 10CK potentic_e-

ter. The signal from the wiper of this potentiometer is combined

with the signal from the nmultiplier. _he output of the first sta_e
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is the difference since the Signal from the tachometer to 180 ° out" :

of phase with the signal from the multiplier.

This signal is amplified and inverted to drive the 6_ tube8 ....

in _ sh-lo_t.ll. " .-

Quantizer " ..... "..,: +

The quantizer operation is described in detail in chapter V. '" '• i " : 'II

The circuitry used consists of two subsections.. " -. :.. : . " + :

.... .., . . . .... . .

(2) Demodulator • _d logic :..:+

The oscillator circuit shown in figure 65 was developed by the • + -_

Applied Science Corporation of Princeton_ New Jersey for use with

their quantizer. The"clrcui't produces a 45 kilocycle sine wave .Of- .'. +'.'/.'_+,\+,"+!,+.,.:,"

volts =--_" ' ...... .... ;' ; "" "_"':" :_''= ''!°_ ''_1.5 peak to pea_ amplz_ude, The transformer is wound _r_th._'./,;_ ',- =,,,, ,,::, +

number 26 enamel wire on a tor0idal core. • A Magentlcs Incorporated - " : : :'

number E29-SS206-A2 or equivalent is suggested. . : . " :. ,. .y

The demodulator shown in figure 66 was also developed by the * " + ' ' "

quantlzer manufacturer, The two quantizer outputs as described in " .-

chapter V are modulated on a 45 kilocycle carrier. The 2N94 is . +

biased off to provide demodulation and amplification. The resulting

d-c signal is amplified by the 2N321 and the 596_. The output of " " _ "

the 596_ drives a squaring cirCuit which decreases the signal rise ..

and fall time. The resulting signal from input A is used to control

the two "and" gates. The signal resulting from input B is dlfferen- '

tlated and serves as the input to the gates. In this way directl_ --

sensing is accomplished as outlined in chapter V. The gate outputs

are directed to the synchronizer. " -

. . . ..
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Plug-ln Schematics

- . .

4; ....... - . -

.,-:. : : - ...... ..... :.. : ..........._ :.-, .,..-.-( _,

" • .:"" :: "i

-. ,:: ."

.. ,•. . .. : .

- . ,. .. .

The plug-in units used in the circuits are shown in figures 67 to; -
-°.

76. All of the units use a plate voltage of +200 volts except where

noted. " - -" " "
1

• -. , ". -

Flip-flop Z90166 figure 67. This unit is connected as a "T" :" " "
• . , . - - . ...

flip-flop bY feeding the input pulses to "pins 5 and 7, In the circults "

shown pin 2 is always grounded, and pin i is connected tO -200 volts.

.The flip-flop is reset by opening the Contact l_etwe,_ pins 1 and 82 "

which is normally closed. " " :""' " "

• . . . .

Free-running multivibrator Z90056 figure 68. External capacitors- .

between pins 5 and 6 and pins 4 and 7 determine the frequency. " " _
• ...

One shot Z8889 figure 69. This One shot requires +50 volts bias, '._'"

on pin _ relative . to pin i. . :, , • ,.

One shot A figure 70. This one shot, developed by Dr..H.• W. " :'
• .- _ .,.•" . .:

Mergler, is used in the bidirectional counter. The 500 mmfd capacitor .--

determines thetlme that the one shot remains set. Pin i is connected " ' _ " .
. ,- _ . .

to -200 volts and pin 2 is grounded.

. -_ . -. . .., . -.

•"And" gate Z90025 figure 71. Two bias voltages are required. Pin ....

B must be -50 volts with respect to pin i. Fin 7 must be +70 •volts wlth .......

respect to pin i. ' " " " - " ':

Dual _nverter figures 72; 75, and 74. The basic inverter in

figure 72 was developed by D. R. McRltchie I0. _e other forms, are

modifications for dlfferen_ grid bias arrangements.

• " " " . L .
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Figure 67. - Z90166 Englneered Electronics _ -- -
flip-flop. -:'
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Squaring circuit zgo001 figure 75. In the synchronizer pin 1 Is

• grounded and pin 2 Is connected to -200 volts.

- . . .

Analog gate figure 76. This gate requires t_6 blas voltages. Pin --'..

7 must be +54 volts with respect to pin I. This voltage must _e . . " .

supplied by a low impedance source since changes in this voltage due to

grid current chants, effect the gate characteristics. This 'grid draws. • " "

a current of upto i_ ma. A bias of minus one or two.volts applled.to : _ " -

pin 8 is used to match t_ Eats outl_xts, 'i . ' ' ".. : ..... '
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